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ABSTRACT
Zinc injection is a well-established technique to reduce the radiation fields in
boiling water reactor (BWR) primary coolant circuits. Zinc has been shown to reduce the
corrosion rate as well as the deposition and release of cobalt in BWR plant and laboratory
studies. The applicability df zinc injection to pressurized water reactor (PWR) systems is
currently of interest, both for radiation field reduction and potential mitigation of primary
side stress corrosion cracking of Inconel-600 steam generator tubing. A variety of
laboratory studies, a research reactor simulation test including realistic radiation
environments and one in-plant demonstration test have been undertaken to study the
efficacy of zinc in PWR conditions.
The research reactor test referred to above was completed at the MIT Nuclear
Reactor Laboratory. The results showed no significant reduction in activity buildup at
approximately 10 ppb zinc and pH(300*C) of 7.2, which is at variance with expectations
based on out-of-pile experiments at similar conditions. The objectives of this work were
to investigate the reasons for this apparent discrepancy and to work towards an
understanding of the mechanisms by which ionic zinc can affect PWR corrosion
processes. To achieve these objectives, three major steps were carried out. First, a
thorough review of the literature on zinc injection was made. Second, corrosion films
developed during the pretreatment phase of the MIT simulation run were analyzed by
various surface science techniques. Finally, the electrochemical corrosion potential
(ECP) changes associated with zinc injection under PWR conditions were measured in a
small out-of-pile autoclave.
It is concluded that there are at least two potentially important contributing factors
to the absence of an observable effect of zinc on activity buildup in the MIT simulation
run. First, the reference run to which the zinc run was compared had non-negligible zinc
concentrations. Scanning electron microscope x-ray analyses as well as activity assays
and chemical analyses of descaled oxides reveal the presence of zinc in the reference run.
In addition, the zinc injection run tested the effect of zinc injection on an established
oxide film; the first stage of the two-step pretreatment process used zinc-free coolant.
This protocol was designed to investigate the possible benefits of zinc injection for
existing plants, however, careful review of the BWR experience shows that zinc has little
effect on the corrosion rates for established films unless outer oxide layers are removed
by a decontamination process. However, it is noted that secondary ion mass spectrometry
(SIMS) and electron spectroscopy for chemical analysis (ESCA) results for the zinc run
oxides are consistent with those reported in experiments where reduction of corrosion
rates was observed. These results were considered in light of information from the
literature on the behavior of various types of corrosion inhibitors and the physical
location of the anodes and cathodes on passivated materials in BWR and PWR
environments. The analysis suggests that zinc acts as an anodic or mixed inhibitor under
these conditions. Unfortunately, ECP data that could allow a more definitive conclusion
about specific inhibition mechanisms were not obtained in the autoclave experiments due
to problems with the reference electrodes. It is clear, however, that the zinc effect on
ECP at the conditions studied is very small. The low flow rate in the loop may have
limited the impact of zinc on the ECP and on the corrosion rate. Recommendations are
made for a future series of experiments to clarify the effect of zinc on the ECP of Inconel.
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CHAPTER 1
INTRODUCTION
1.1. FOREWORD
The chemical environments in the primary circuit of Light Water Reactors
(LWRs) are sufficiently corrosive to merit concern over material integrity and the
resulting needs maintenance. As the piping surfaces of the primary coolant loops
corrode, the corrosion products of metals such as iron, nickel, chromium, and cobalt,
which are among the main constituents of the alloys used, are released into the coolant.
These corrosion products can deposit on fuel surfaces in the reactor core and capture
neutrons to become radioactive. Figure 1.1 [1] shows the main mechanisms of activation
of those elements. Some activated corrosion products are then released into the coolant
and eventually re-deposited on out-of-core surfaces. These activities on ex-core surfaces
have become the main source of exposure for plant maintenance workers. This issue is
commonly called primary system contamination, radiation field buildup, or activity
buildup. For example, a schematic of the transport of corrosion products in PWRs is
presented in Figure 1.2 [2].
The main radioactive species of concern are cobalt-58 and cobalt-60. Cobalt-60 is
generated as a result of neutron absorption on naturally occurring 59Co. Although cobalt
is present generally as an impurity in the iron-nickel-chromium alloys used in reactor
power plants, its high susceptibility to neutron activation and the high energy of the
radioactive emissions from 60Co cause it to predominate over other radioisotopes formed
from other elements that are present in higher concentrations. Cobalt-58 is formed as a
(n,p) l.p)
Co58m
Co• •58
(n,y)
Figure 1.1 - Principal corrosion product radioisotope production schemes [1].
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result of a fast neutron reaction which results in proton being emitted from the nucleus of
58Ni, a naturally occurring isotope of nickel. Fission products from failed fuel contribute
only rarely to radiation field buildup.
There are two types of LWRs: the pressurized water reactor (PWR), and boiling
water reactor (BWR). They have in common the use of light water (H20) as the coolant.
In many respects, however, the coolant chemistries are significantly different.
Furthermore, in BWRs the water is vaporized to steam as it passes through the core,
whereas in PWRs the pressure is setup high enough so that the coolant remains in the
liquid phase.
The work reported in this thesis is related to the contamination of PWR primary
systems. More precisely, it investigates the technique of zinc injection into the coolant,
which is expected to mitigate the radiation field buildup. However, since zinc injection is
an established technique in BWRs, parallels between corrosion and activity buildup in
PWR and BWR will be explored.
The injection of zinc in BWR primary loops is now a commonly used technique
to reduce the activity buildup [3]. It is now acknowledged that the presence of ionic zinc
in BWR coolant, at a concentration level as low as 10 gig/kg (ppb), has a profound effect
on the structure of the corrosion film. The oxide film developed on stainless steel is more
protective and thinner, and consequently the activity buildup is reduced. There are many
different corrosion phenomena responsible for the radiation field buildup, and their
respective importance is still debated. However, the corrosion rate is clearly one of the
most relevant parameters controlling contamination. This perspective will be developed
in detail in this thesis.
After zinc injection benefits were well demonstrated in BWR environments, it
was considered for extension the PWR primary systems. As this work was carried out,
zinc injection in PWR primary systems was still at an experimental stage. Out-of-core
laboratory experiments that have been done so far showed that zinc should also be
effective in mitigating corrosion and contamination under PWR conditions [4]-[5]-[6].
Those results will be presented and discussed in this thesis. However, the only in-pile
laboratory zinc injection experiment, carried out at the MIT Nuclear Reactor Laboratory
[2], showed slight if any effect in reducing corrosion and activity buildup. The facility
used for this run, the Pressurized Coolant Chemistry Loop (PCCL) will be briefly
described in the next section.
The first goal of the present work was to extend the interpretation of the first MIT
zinc injection run, and try to understand this unexpected result. To do so, it was
necessary to make a detailed literature review of zinc injection in simulated PWR
environments. Comparisons of the conditions and run histories were conducted. Also,
some new measurements of the PCCL zinc run samples were carried out to better
understand the behavior of zinc during this experiment.
Another goal was to improve the current understanding of the possible inhibition
effect of zinc on corrosion in both PWRs and BWRs. As mentioned earlier, corrosion
rate is a key factor in radiation field buildup. The approach comprises two steps. First,
literature reviews on corrosion and zinc injection in LWRs were conducted. Since it is
acknowledged that zinc reduces the corrosion rate in BWR environments, the first step
was to uniderstand corrosion in BWR and PWR conditions, and then to point out the
differences. Thus, if the zinc effect is based on phenomena which are significantly
different in the two environments, the effect of zinc on corrosion in PWRs may not be as
beneficial as in BWRs.
Second, a series of out-of-core experiments was carried out to study the effect of
zinc injection on the electrochemical potential (ECP) of Inconel-600, a common steam
generator material, in a PWR primary circuit environment. To do so, a small, high
temperature, high pressure loop, working with the PWR lithium/boron chemistry, was
constructed and operated. The effect of zinc on ECP is important to understanding its
role in corrosion and to determining if it can be classified as a corrosion inhibitor. This
effort is one of the principal foci of this thesis.
1.2. THE PRESSURIZED COOLANT CHEMISTRY LOOP (PCCL)
An in-pile coolant chemistry loop (PCCL) which closely simulates the primary
coolant system of a PWR was constructed and operated at the MIT Nuclear Reactor
Laboratory in support of a variety of experimental programs [7]-[8]-[9]-[10]. This
facility was used to perform the first in-pile zinc injection in simulated PWR primary
circuit in 1994-1995. A detailed report of the results of this run is available in reference
[2]. However, the most interesting data will be further analyzed in this thesis. To that
end, a brief description of the PCCL is necessary.
Figure 1.3 shows the major components of the MIT-PCCL loop. The PCCL
models at approximately one-third scale, one unit flow cell (one steam generator tube
coupled to one intra-fuel-pin channel) of a commercial PWR. Table 1.1 [8] shows
selected physical comparisons between a typical PWR and the PCCL. Table 1.2 [11]
documents the results of applying some elementary mass transport models to estimate
how processes thought important to corrosion product radionuclide generation and
deposition scale between loop and plant. The principal use of the PCCL is to test
chemistry control strategies which will minimize ex-core activity buildup, hence radiation
exposure, during maintenance operations in PWRs [12]. An initial series of seven one-
month-long runs was carried out under EPRI/ESEERCO auspices [11]-[13]. Then two
3000 hou'r runs, having similar objectives but longer runs (3000 hot hours in-pile vs.
650), sponsored by NUPEC [14]-[15] were completed. The principal focus in these two
campaigns was pH optimization through adjustment of relative LiOH and H3B0 3
concentrations.
Figure 1.4 is an overall summation of results from both the earlier NUPEC and
EPRI/ESEERCO runs, showing activity (normalized by exposure) as a function of pH.
These experiments support a general picture of transition metal transport dominated by
solubility and solubility gradient behavior, as shown schematically in Figure 1.5. As can
be seen in this figure, at high pH, the transition metals tend to remain on the S/G and
resist deposition on the core, thereby reducing the magnitude of on-core crud deposition,
which can subsequently generate and release radionuclides. The results shown in Figure
1.4 support this general picture of how activity is first created and then dispersed in a
PWR primary coolant circuit. By operating near minimum solubility, with gradients
favoring retention of fresh corrosion products ex-core and opposing their deposition on
core, one can effectively minimize creation of radionuclides and their ultimate
accumulation in the ex-core oxide film.
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Figure 1.3 - Schematic of the Major MIT-PCCL Loop Components
C
Ig
- -
C",,,...n rhPmictrv
Table 1.1 - Selected comparisons between a representative PWR
and the MIT PCCL [7].
Parameter Representative MIT PCCL
PWR
Core inlet T, oC 285 277
Core exit T, oC 320 316
Hydraulic diameter., cm
core 1.2 0.65
steam generator 2.1 0.62
Boundary layer AT, OC
core 18 23
steam generator 5.7 5.6
Coolant Velocity
Core (m/sec) 4.8 2.8
Steam Generator( m/sec) 5.9 3.0
Core Average Neutron Flux, n/cm2-sec
Thermal 2.3 x 1013 2.6 x 1013
Fast (> 1MeV) 9.4 x 1013 5.0 x 1013
Average Heat Flux, (kW/m2)
Core 614.6 550.0
Steam Generator 178.2 194.5
Material Surface Area Ratios:
Total Inconel/Zircaloy 2.73 5.11
Cooled Inconel/Heated Zircaloy 3.44 2.79
Total SS/Inconel 0.15 0.24
Plenum SS/Inconel -- 0.10
Table 1.2 - Comparison of important scaling parameters
in a full-scale PWR and the PCCL [10].
Phenomena Controlling Parameter or Index Ratio: PCCLIPWR
Solubility, Diffusivity, Temperature:
Crystal Growth and other coolant avg. 0.99
reaction kinetics coolant AT 1.19
film AT Core 1.32
S/G 0.98
Fractional removal across
core or SIG for ions or (L/d)/Re1/5 core* 0.79
small particles S/G* 0.93
*based on heated o
cooled length, L
Deposition or removal of
same mass per unit area per V / Re1/5 core 0.69
unit time where V = velocity S/G 0.85
Erosion or deposition of I 5
larger particle shear stress to power, hence:
* erosion or deposition core* 0.70<-0.51
rate per unit flow rate S/G* 0.78<-+0.63
(L/d)/Rel/ 10 +-> V(L/d)/dl/6 *based on heated ol
cooled length, L
* erosion or deposition core 0.63+->0.46
rate per unit area S/G 0.73+-0.59
V/Rel/ 10 - V5/3 /Rel/6
Removal by Purification
System Relative to PWR Basis:
*System volumes per unit time 3.6
*Flow rate per unit surface area 0.45
*Fraction of flow intercepted 1.35
1(
0.
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Figure 1.4 - Variation of Activity on S/G Tubing with pH.
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AB: Low pH operation at fixed Li, B concentration:
solubility decreases as temperature increases; transition
surface, deposit on core
O
metals dissolve at S/G
CD: High pH operation at fixed Li, B concentration:
solubility increases as temperature increases; transition metals tend to remain
on S/G, resist deposition on core
Where: A, C Care Outlet = S/ Inlet
B, D = SG Outlet = Core Inlet
Core surface is hotter than coolant; S/G surface is colder
Figure 1.5 - Coolant chemistry conditions relative to crud transport behavior.
In conjunction with an optimum coolant pH, it has been speculated that a further
reduction in maintenance doses may be realized if zinc injection is employed in PWRs.
The MHI zinc injection experiment, a 666 hot hour in-pile run was performed to study
this strategy. With the exception of the main circulating pump, the loop used fresh tubing
throughout, prefilmed and preconditioned under hot operating conditions out-of-pile for a
total of 1000 hours to establish a significant corrosion film prior to in-pile exposure. The
loop was prefilmed for 500 hours without zinc addition; however 100 ppb zinc was
injected to reach the outlet target goal of 10-15 ppb during the 500 hour preconditioning
phase.
Once the loop was prefilmed and preconditioned, it was then installed in the MIT
reactor and operated and irradiated for about a month. In the conduct of this test, the
most important control variable is the concentration of dissolved zinc in the primary
coolant. In this study, the inlet zinc concentration was in the range of 50 to 100 ppb
during the irradiation test to approach the outlet target goal of 10-15 ppb.
After the irradiation test, the entire primary circuit was removed for analysis.
With the exception of the Zircaloy U-tube, all tubing was assayed directly for the activity
per unit area of all important gamma emitters using a HPGe gamma detection system.
After being gamma scanned, tubing segments were cut and descaled. Following
descaling, the oxides removed from the tubing were analyzed for chemical composition
using an ICP emission spectrometer. The surface morphology of the tubing specimens
was examined by scanning electron microscope (SEM). Finally the loop component
activity and corrosion product deposit data obtained from this zinc injection run and the
previous PBR run at the same pH but without zinc injection [13] were analyzed and
compared to examine the effectiveness of zinc addition to reduce corrosion and activity
deposition.
1.3. ORGANIZATION
This report is divided into seven chapters including this introductory chapter.
Chapter 2 introduces the reader to the basics necessary to understand the
following chapters regarding the effect of zinc on BWR and PWR corrosion and radiation
buildup, as well as the electrochemical experiments carried out. First, a theoretical
background is presented, and the important parameters to monitor corrosion are defined.
Then, a detailed presentation of the present understanding of corrosion in light water
reactors is made. The main corrosion feature differences between PWR and BWR are
emphasized, since they may be crucial to understand the action of zinc in those two
environments. Finally, a theoretical classification of the different types of corrosion
inhibitors is introduced.
Chapter 3 presents an analysis of the available literature regarding zinc injection
to mitigate corrosion and radiation buildup in BWR and PWR primary system
environments. A significant body of research has been carried out in BWR simulated
environments compared to what has been done for PWR.
Chapter 4 discusses the results of the first in-pile zinc injection run in a simulated
PWR environment, completed at the MIT Nuclear Reactor Laboratory in 1995. The
results showed that the injected zinc, under the specific condition of this experiment had
little if any effect in reducing the activity or corrosion buildup at a pH(300*C) value of
7.2. In light of the literature review, some further interpretation of this result will be
carried out. Supplementary corrosion film characterization was carried out, the results of
which are presented in this chapter.
Chapter 5 describes the experimental approach undertaken to study the effect of
zinc on the electrochemical potential of Inconel-600 alloy in PWR simulated
environments. The motivation for these experiments is given, together with the test
matrix, and a description of the experimental facility.
Chapter 6 presents and discusses the experimental results that were obtained. The
classification of ionic zinc as a corrosion inhibitor is described.
Chapter 7 provides a summary of the present work, and conclusions which follow
from it. Some recommendations for future work are also presented in this chapter.
Appendix A presents the procedure developed to make chemical analysis of the
corrosion films formed on Inconel and stainless steel preconditioning samples using the
scanning electron microscope (SEM) x-ray microanalysis method. The difficulties
encountered to analyze the oxide films are discussed. Appendix B describes the
calculation of water dissolved hydrogen concentration, using Henry's law. Appendix C
details the fabrication of the external silver/silver-chloride reference electrode that was
constructed and used to carry out the corrosion potential measurements. Finally,
Appendix D presents the important factors to take into account to make reliable ICP
standards. The inductively coupled plasma--atomic emission spectroscopy (ICP-AES) is
the apparatus used to conduct chemical analysis of the loop water.
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CHAPTER 2
CORROSION IN LIGHT WATER NUCLEAR REACTOR
PRIMARY SYSTEMS
2.1. INTRODUCTION
The water chemistry and the materials for the construction of light water reactor
(LWR) primary systems have been chosen so that a protective, thin oxide layer develops
on the surfaces of the piping. This phenomenon is called passivation. Because of the
protective property of the films, the general corrosion rate is extremely low, and is not an
issue from a materials integrity standpoint. But, as mentioned in the introductory chapter,
the activation and redeposition on the out-of-core surfaces of oxides released from the
corrosion layer to the coolant is a concern arising from corrosion in the radioactive
environment of a nuclear reactor. Consequently, a significant body of work has been
accumulated to understand and limit the phenomena involved in oxide activation and
redeposition on the out-of-core piping system. Researchers have been trying to clarify
the mechanisms of oxide film formation, as well as of the release, transport, activation
and redepostion of species of interest. Nevertheless, there are still a number of
uncertainties and sources of debate regarding these phenomena.
Besides general corrosion, there are many other forms of corrosion taking place in
light water reactor primary systems. They are all influenced by the water chemistry,
whose composition and aggressiveness vary locally, and material elemental
compositions. Pitting, and crevice corrosion that takes place after local breakdown of the
protective film are influenced largely by local increases in the aggressiveness of the
coolant. There are many types of stress corrosion cracking (SCC) phenomena. This type
of corrosion leads to the formation of cracks through the material, and is due to the
interaction of an aggressive environment and a susceptible microstructure in the presence
of a tensile stress upon the material. This stress usually comes from the shape of the
material (e.g., U-tubes of steam generators in PWRs), or is due to the stresses induced
during fit-up of some structures (e.g., BWR core shroud). Irradiation assisted stress
corrosion cracking (IASCC) takes place in or near the core, and is caused by irradiation-
induced changes in the micro-chemical or mechanical properties of alloys in conjunction
with stress and an aggressive environment. Finally, intergranular stress corrosion
cracking (IGSCC) is a major problem in BWR recirculation systems where welding
induced thermal sensitization of stainless steel can occur. Corrosion fatigue is also
common and takes place when a structure is submitted to an oscillating stress. This list is
far from being exhaustive, but can give the reader an idea of the main corrosion issues,
and how complex the field is. All these corrosion phenomena have to be taken into
account for chemistry optimization. Another way of dealing with this complex issue is to
optimize the chemistry to mitigate the most severe problems, and then to develop
materials and improved designs that can better resist other forms of corrosion.
Finally, it must be recalled that the radioactive environment of nuclear reactors
represents a significant constraint for chemistry optimization. For instance, chemical
additives are commonly used to inhibit corrosion phenomena in non-nuclear systems.
But obviously, any chemical circulating in the water of the primary circuit could be
activated. Therefore, any corrosion inhibitor has to comply with the following simple
requirement: The dose rate decrease due to corrosion product activity reduction yielded
by the chemical additive has to be of greater magnitude than the dose rate resulting from
the activation of the chemical.
This chapter introduces the reader to the theoretical treatment of general
corrosion, as well as to the electrochemical techniques for monitoring it. Then, using
those theoretical concepts and the best current knowledge, a description of the general
corrosion processes operative in BWR and PWR primary loop coolant environments is
made. Unfortunately, there are still many uncertainties about many corrosion phenomena
and, consequently, some assumptions are necessary. The final section of this chapter
discusses the different types of corrosion inhibitors, and suggests some possible
mechanisms by which ionic zinc could function as an inhibitor.
2.2. GENERAL CORROSION: BASIC THEORY
Corrosion is the destructive result of chemical reactions between a metal or metal
alloy and its environment. Consequently, the tendency for a metal to corrode is governed
by thermodynamics. Thermodynamics can predict which corrosion reactions can lead to
stable products. The first sub-section deals with the thermodynamics of corrosion
reactions as well as with the electrochemical nature of those reactions. Then, the theory
behind the kinetics of corrosion reactions is described. Finally, the passivation of alloys
extensively used in light water nuclear reactors is focused on.
2.2.21. Thermodynamics of corrosion processes and the electro-chemical
nature of aqueous corrosion
There are many simple experiments that can give a concrete picture of what a
"thermodynamically" possible or impossible reaction means. For instance, drop a piece
of zinc ihetal and a piece of platinum metal into two separate beakers containing a
solution of hydrochloric acid (HCI). In the case of zinc, the experimenter observes the
formation of hydrogen bubbles along with dissolution of the metal. In ionic form the
reaction is:
Zn+ 2H + 2CI- - + Zn2 + 2CI-+H 2  (2-1).
However, no reaction seems to occur in the beaker containing platinum. In other words,
there is no thermodynamically possible reaction between platinum and hydrochloric acid,
as opposed to reaction (2-1) where the products are more thermodynamically stable than
the reactant and a reaction occurs. Reaction (2-1) is also a good example of the fact that
nearly all metallic corrosion processes involve transfer of electronic charge in aqueous
solutions. Here, the electronic transfer occurred between zinc and hydrogen. This
electrochemical nature of corrosion makes possible correlations between thermodynamic
and electrical parameters.
2.2.1.1. Electrochemical reactions
Let us reconsider the previous example. Reaction (2-1) can be separated into two
equations, once it is noticed that we can eliminate Cl- from both sides:
Zn -- Zn2+ + 2e- anodic reaction (2-2),
2H + + 2e- - H2  cathodic reaction (2-3).
Reaction (2-2), defined as the anodic reaction, is an oxidation reaction in which the zinc
valence increases from 0 to +2, liberating electrons, while (2-3), defined as the cathodic
reaction, is a reduction reaction in which the oxidation state of hydrogen decreases from
+1 to 0, consuming electrons. The anodic and cathodic reactions are referred to as partial
or half-cell electrochemical reactions, for they need each other to occur and can be
thought of as two halves of the actual chemical reaction (2-1).
This charge transfer, or exchange of electrons, that was just illustrated is shown
schematidally in Figure 2.1 [1]. The metal dissolves by (2-2) liberating electrons into the
bulk of the metal where they migrate to the adjoining surface and react with H+ in
solution to form H2 by (2-3). Water or an aqueous solution is required as the carrier for
ions, and is called the electrolyte.
Thus, all aqueous corrosion reactions are considered to be electrochemical and
have an associated electrical potential. Jones [1] explains that a conducting metal
containing mobile electrons forms a complex interface with an aqueous solution.
Asymmetrical, polar H20 molecules (H-atoms positive, O-atoms negative in the
molecule) are attracted to the conductive surface, forming an oriented solvent layer,
which prevents close approach of charged species (ions) from the bulk solution. Charged
ions also attract their own sheath of polar solvent molecules, which further insulate them
from the conducting surface. The plane of closest approach of positively charged cations
to the negatively charged metal is often referred to as the outer Helmoltz plane, as
indicated in Figure 2.2 [1]. The result is an interfacial structure of separated charge
commonly referred to as the electrical double layer, which behaves experimentally much
like a charged capacitor (Figure 2.2), with the presence of an electric potential E. The
electrical field of the double layer structure prevents easy charge transfer, thereby
limiting electrochemical reactions at the surface.
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Figure 2.1 - Metal dissolution in acidified solution.
The metal releases M2+ ions into solution, and the electrons, e-, are consumed by
reduction of H+ to H2.
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Figure 2.2 - Schematic electrode surface structure with equivalent electric capacitor.
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2.2.1.2. Free energy and electrochemical potential
A fundamental relationship exists between the free-energy (also called the Gibbs
energy) change of a chemical reaction and the electrochemical potential, E, at equilibrium
in aqueous media:
AG = -nFE (2-4),
where n is the number of electrons (or equivalents) exchanged in the reaction, and F is
Faraday's constant, 96,500 coulombs per equivalent. Whereas it is difficult to measure a
free-energy change, it is quite simple to make a potential measurement, hence the
importance of this property. We will look at the most important applications of this
concept, but first let us understand the basis of the relationship.
Consider a general cathodic reaction:
M -- M"' + ne- (2-5).
Here, the cathodic reaction corresponds to the corrosion reaction, i.e. the release of
metallic ions to the electrolyte. Keep in mind that the anodic reaction can be the
corrosion reaction (e.g., C1 + e- -- Cl-) and that the following reasoning for reaction (2-
5) can be developed in the same way for anodic reactions.
There is a change of free energy, AG, associated with any chemical reaction. To
have this reaction occur spontaneously, the reaction products must have a lower energy
than the reactants. In other words AG has to be negative. This corresponds to a
fundamental law of thermodynamics stating that a system will always tend to minimize
its free energy. The kinetics of spontaneous chemical reactions must, however, be
considered separately.
Over time, the release of corrosion products will change the chemical composition
of the electrolyte, increasing the amplitude of the electrochemical potential E. This
potential arises from the creation of the capacitor formed between the metal surface and
the Helmotz layer, as shown in Figure 2.2. Obviously, the positively charged cations Mn+
will be attracted to the negatively charged metal surface, under the impulsion of the
electrochemical potential. In other words, the electrochemical potential favors the
reverse reaction:
M "+ + ne- -- M (2-6).
Once the potential E, driven by the electrochemical composition of the electrolyte,
has reached a certain amplitude, reaction (2-6) will have the same rate as reaction (2-5),
and equilibrium will be achieved:
M = M"+ + ne- (2-7).
To relate AG to E we need to carry out an energy balance. In any physical system
in equilibrium with its surrounding environment, the overall energy transfer from the
former to the latter equals zero. Let us consider the metal in equilibrium with the
electrolyte. For a single reaction (2-7), the incoming energy is brought by the Mn+ ions
as they are accelerated by the potential E lying between the Helmotz layer and the metal.
The total i-harge is +ne, giving an energy when they reach the metal of (ne)E (before they
react with the electrons). The outgoing energy is the energy released through equation
(2-5) and equals AG. Per mole, the total charge involved for a mole of Mn+ ions equals
nF where F is Faraday's constant, 96,500 coulomb per equivalent. Thus, the energy
balance gives us a relationship between the free-energy of the corrosion reaction (per
mole) and the electrochemical potential E at equilibrium:
AG + nFE = 0 (2-8),
or
AG = -nFE (2-4).
We can further generalize this formula to overall corrosion reactions (i.e.
involving both cathodic and anodic reactions). Let us consider again the reaction for
corrosion of zinc in a solution of hydrochloric acid in water:
Zn + 2H + 2Cl - Zn2+ +2C-+H 2  (2-1).
We previously saw that the two associated half-cell electrochemical reactions are:
Zn -4 Zn2' + 2e-
2H+ + 2e - H2
anodic reaction (2-2),
cathodic reaction (2-3).
Equilibrium for reaction (2-1) is achieved when both the anodic and cathodic
reactions proceed at equal rates. Let us call E, e,, and ec the electrochemical potentials
at equilibrium of reaction (2-1), the anodic and cathodic reactions, respectively. Then,
we have:
AG(2_) = -nFE (2-4),
with
E = e= + ec (2-9).
According to Equation (2-4), a reaction is thermodynamically possible if its
associated electrochemical potential is positive, for it corresponds to a negative AG.
2.2.1.3. Analytical expression for AG and E
Let us consider a general equation for a half-cell reaction:
aA + mH+ + ne- = bB + dH20 (2-10).
Free-energy changes in
reaction (2-10) by:
and
the standard, AG', and nonstandard, AG, states are given for
AG = (bG +dG o)-(aGo+mG. ),
AG = (bG, + dGHo) - (aG. + mG,.H).
The difference between the nonstandard and standard state free energy change is given by
AG- AGo= [b(G, - G)+ d(G o, -Go)- [a(G,- GO)+m(GH. -G o . )] (2-11).
Taking as an example the product A, the corrected concentration, (A), available for
reaction, called the activity of A, is related to the free-energy change from standard state,
(GA - GA), by
a(GA - Go)= aRTln(A)= RTln(A)" (2-12),
where R is the gas constant and T is absolute temperature. Substituting this and
equivalent expressions for other reactants and products into (2-11) gives
AG-AGO = RTIn (B) (H )d
L (A)a(H+) 1'
which is equivalent to
_eO= RT ,In(B)b(H20)d  (2-13)
nF (A)"(H+)m
when substituting AG = -nFe and AGO = -nFeo from (2-4). Equation (2-13) is the
common form of the Nernst Equation. A more convenient expression is:
·(2.3RT (A)°(H+) ]
e=eo + log (A)a(H+ (2-14).
nF (B)b(H20)d
Activity is defined as pressure in atmospheres for gases and is adequately
approximated by concentration, C, for many relatively dilute corrosive solutions.
However, quantitative calculations of activity require a correction by the activity
coefficient, f, in which the activity of the species A is (A) = fCA. By definition, the
activity of the water is equal to unity, and since pH = -log (H+), another expression of
equation (2-14) is:
e=e +I2.3RT lo(A)g 2.3RT m pH (2-15).
nF ) (1B) F n
2.3RT
At 25 "C (T = 298 K), = 0.059.F
2.2.1.4. Half-cell electrode potential measurements
Unfortunately, it is impossible to measure the absolute value of any half-cell
electrode potential. Only a cell potential consisting of two such half-cell electrode
potentials is measurable, and one half cell must be selected as the primary reference. By
convention, the potential of the hydrogen half-cell reaction at standard state is defined as
zero. The hydrogen half-cell reaction is:
2H + +2e- = H2, and e,, =0 V (2-16).
Therefore, according to Equation (2-15), at 25 "C we have
eH e,,2 -0.059pH- 0.059log((H,)J= eHo -0.059pH-0.0591og[Pj.
Thus, if we can maintain conditions in a cell such that the only electrochemical
reaction taking place is the half-cell hydrogen reaction, with pH = 0, and
(H2) = PH2 = 1 atm, then we have a reference electrode at potential 0 V. This electrode is
designated the Standard Hydrogen Electrode (SHE). The SHE consists of platinum
specimen in unit activity acid solution, through which is bubbled H2 gas at 1 atmosphere
pressure. Platinum itself is essentially inert in this solution, acting as a catalyst for
reaction (2-16).
Then, using this reference electrode, it is possible to measure the half-cell
electrode potential of metals of interest using the experimental cell displayed in Figure
2.3. The two half-cells are separated by a semi-permeable membrane allowing charge
transfer, but preventing mass transfer so that the ionic concentrations in the two distinct
solutions remain constant and do not mix.
For instance, let us say that we want to measure eZ ,2. The corresponding half-
cell reaction is:
(Zn2 +) = 1
-vl,--
I I
[+)= 1
H2
[PH2 = 1 atm)
Semi-permeable barrier
Figure 2.3 - Schematic electrochemical cell.
Measurement of cell potential between a zinc electrode at standard state and the standard
hydrogen electrode.
~I·
Zn2+ + 2e- = Zn (2-17).
At 25"C, the Nernst equation corresponding to this reaction is:
=e e + + log(Zn2+
a+IZn Zn7 Zn
Then, if a half-cell composed of a rod of zinc metal in a solution of unit activity
(approximately 1 N) Zn2+, the potential difference measured against the SHE half-cell
will be:
V= e•i /z EASHE 7AA'
Thus, we have seen that using the convention eH,* = 0 V, we can
experimentally measure the standard potential eo of any electrochemical couple. Then,
using the Nernst equation, once we know the standard potential, we can calculate the
potentials for any given temperature and concentration. Once again, the important point
is that we can only measure potential differences, and therefore we need reference
electrodes such as the SHE. Each time an electrochemical potential is given, the
reference electrode versus which it has been measured or calculated must be specified.
There are many different reference electrodes, by convention only the SHE is at zero
potential.
Equation (2-15) gives us a relationship between potential and the different
concentrations of a chemical involved in a half-cell reaction. An important parameter in
aqueous corrosion is pH, for most of time the electrolyte is involved in the corrosion
process. Now that we know that the electrochemical potential of a chemical reaction is
related to the free-energy, we can understand that the stability of any given compound
can be determined.
2.2.2. Potential/pH (Pourbaix diagrams)
Potential / pH diagrams, commonly called Pourbaix diagrams, tell how the
stability of different species are affected by potential and pH. A corroding condition is
arbitrarily distinguished from a non-corroding condition by means of a threshold
potential, as briefly presented below.
A metal is deemed to be in a corroding condition when the concentration of its
ions in solution is greater than 10-6 M. If the concentration of ions is less than this value,
the metal is deemed to be in a condition of immunity. However, many corrosion products
are insoluble in the electrolyte, e.g. oxides. Often, the insoluble products form a film on
the corroding surface which greatly reduces the corrosion rate. The metal is then in a
condition of passivity.
Examples of Pourbaix diagrams for iron, nickel, and chromium in high
temperature water (250"C - 350'C) are given in Figure 2.4 [2], and Figure 2.5 [3]. They
are of paiticular interest since Fe, Ni, and Cr are the main elements of the materials
commonly used in LWR primary systems, such as stainless steel and Inconel alloys.
Practically, if the potential of one of these metals is measured in an environment of
known pH, using the Pourbaix diagram for the temperature of this environment, we can
tell whether corrosion will occur and by what reactions.
Each line separating two species represents the calculated equilibrium potential of
the electrochemical reaction between the two species, versus pH (i.e., -log[H+]) using the
Nernst equation. The activity of the ions is taken to be 10-6, and the oxide and solid
activities to be unity. Then, above this potential, the most oxidized of the two species is
stable, and below it, the most reduced species is stable. Further details of the
construction of these diagrams are readily available in the literature.
2.2.3. Corrosion kinetics
Let us say we measure the corrosion potential of a metal rod (an electrode) in a
medium of known pH. Then, using the Pourbaix diagram, we can predict which metal
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Figure 2.4.a. - Potential / pH diagram for
Fe-H 20 system at 300 "C and 500 bars.
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Figure 2.4.c - Potential / pH diagram for
Fe-H20 system at 350 "C and 1000 bars.
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Figure 2.4.b. - Potential / pH diagram for
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Figure 2.4.d - Potential / pH diagram for
Ni-H20 system at 300 'C and 500 bars.
Figure 2.4 - Fe-H20 and Ni-H 20 Pourbaix diagrams at high-temperature [2].
S30*C, 500 bar
Nio
(b)
(a) "
'4
-2
hi
0
'I
-I.
_)cn
f
0
9Lhic1
4'
z.
pH 250w C
Figure 2.5.a - Potential / pH diagram for the chromium-water system at 250 "C.
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Figure 2.5.b - Potential / pH diagram for the chromium-water system at 300 "C.
Figure 2.5 - Cr-H20 Pourbaix diagrams at high-temperature [3].
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species is stable, and therefore we know if a corrosion reaction occurs, and which one is
the predominant reaction if corrosion takes place. If we now have two different metals
corroding in the same medium, the potential / pH measurement reveals the species
released to the medium from the two metals, but does not give any information regarding
the rate of these reactions.
2.2.3.1. Faraday's Law
Electrochemical reactions either produce or consume electrons. Thus the rate of
electron flow to or from a reacting surface is a measure of reaction rate. Electron flow is
conveniently measured as current, I, in amperes, where 1 ampere is equal to 1 coulomb
of charge (6.2 x 10'8) per second. The proportionality between I and mass reacted, m,
in an electrochemical reaction is given by Faraday's law:
Ita
m=- (2-18),
nF
where F is Faraday's constant (96,500 coulombs per equivalent), n the number of
equivalents exchanged, a the atomic weight, and t time. Dividing Equation (2-18)
through by t and the surface area, A, yields the corrosion rate, r:
m ia
r=-- =- (2-19),
tA nF
where i, defined as current density, equals I / A. Equation (2-19) shows a proportionality
between mass lost over unit area per unit time (e.g., mg/dm2/day) and current density
(e.g., ±A/cm 2).
2.2.3.2. Exchange current density
Consider the reaction for oxidation/reduction of hydrogen:
2H +2e-=H2 (2-20).
At the standard half-cell or redox potential, e÷°•.', this reaction is in the equilibrium
state, where the forward rate (left to right), rf, is equal to the reverse rate (right to left), rr.
From Equation (2-19),
rr= rf = - (2-21),
nF
where i0 is the exchange current density equivalent to the reversible rate at equilibrium.
Whereas free-energy or half-cell electrode potential is the fundamental thermodynamic
parameter characteristic of an electrochemical reaction, io is the analogous fundamental
kinetic parameter. Neither free energy (electrode potential) nor io can be calculated from
first principles; both must be determined experimentally. Exchange current density is
affected primarily by the nature of the surface on which it occurs. For instance, io for
reaction (2-20) on mercury is only 10-12 A / cm 2, but is nine orders of magnitude higher
on platinum at 10-3 A / cm2.
2.2.3.3. Electrochemical polarization
Polarization, r1, is the potential change, E - e, from the equilibrium half-cell
electrode potential, e, caused by a net surface reaction rate for the half-cell reaction. For
cathodic polarization, T c, electrons are supplied to the surface, and a buildup in the metal
due to the slow reaction rate causes the surface potential, E, to become lower than e.
Hence, Tjc is negative by definition. For anodic polarization, electrons are removed from
the metal, a deficiency results in a positive potential change due to the slow liberation of
electrons by the surface reaction, and i a must be positive. Overpotential is a term used
frequently for polarization. Polarization is classified into two types - activation and
concentration; both are discussed in the sections that follow.
Activation Polarization:
Consider the reaction for oxidation/reduction of hydrogen:
2H + 2e-= H2 (2-20).
As mentioned in Section 2.2.1.1, this reaction can be separated in two equations:
2H + + 2e- 'i ) H2 cathodic reaction (2-22),
H12 ' 4 2H + + 2e- anodic reaction (2-23),
where ic and ia are the current densities (representing the rate of reactions) of the cathodic
and anodic reactions, respectively.
The relationship between overpotential, I , and the current densities is:
IC =Pc logi (2-24a)
for anodic polarization, and
T, = Ia log 7 (2-24b)
for cathodic polarization. For cathodic overpotential, TIC is negative and 0, must also be
negative as a consequence. Similarly, for anodic polarization, P3 is positive because Ia
is positive. fe and P3 are known as the Tafel constants for the half-cell reaction. The
cathodic, ic, and anodic, ia, current densities flow in opposite directions. It is beyond the
scope of this introductory section to present the theoretical derivation of the Tafel
relationship (2-24). This relationship, universally observed, is well explained using
thermodynamic laws, which can be found in most corrosion text books.
For zero 1 , Equation (2-24) implies that both anodic and cathodic currents equal
io. This is theoretically expected, since for Ti = 0, the reaction potential equals the
hydrogen equilibrium potential, eH+ IH
Below the hydrogen equilibrium potential, H2 is the thermodynamically stable
species, and the reduction or cathodic reaction is favored at a rate, represented by ic, is
given by equation (2-24a). If the potential of the hydrogen reaction is above e, ,' the
oxidation or anodic reaction is favored, at a current density ia given by equation (2-24b).
Equation (2-24) indicates that a plot of overpotential, 11, versus log i is linear for
both anodic and cathodic polarization, as shown in Figure 2.6. The absolute values of the
3 Tafel constants usually range from 0.03 and 0.2 V and may not be equal for cathodic
and anodic reactions.
Concentration polarization:
At high rates, cathodic reduction reactions deplete the adjacent solution of the
dissolved species being reduced. The concentration profile of H+, for example, is shown
schematically in Figure 2.7. CB is the H+ concentration of the uniform bulk solution, and
8 is the thickness of the concentration gradient in solution. . The half-cell electrode
potential eH,,+2, of the depleted surface is given by the Nernst equation as a function of
H+ concentration or activity (H+),
2.3RT (H+)2
e = eH + - log (2-25)
eHl/H2 = e÷H2 nF P,
It is apparent that the half-cell electrode potential, eH+/H , decreases as (H+) is depleted
at the surface. This decrease (potential change) is concentration polarization, 1•o,,
which is given as a function of current density by
c = 3RT og[ l 1-  (2-26).
A plot of Equation (2-26) in Figure 2.8a shows that Icmc is low until a limiting current
density, iL, is approached. iL is the measure of a maximum reaction rate due to a limiting
diffusion rate of H+ in solution arising from mass-transfer limitations. It is not relevant to
give the analytical expression of iL in this presentation. However, it is important to stress
that iL increases with increasing electrolyte velocity and increasing concentration. This is
log i
LsHI Ii
Figure 2.6 - Activation overpotential showing Tafel behavior
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Figure 2.7 - Concentration of H+ in solution near a surface controlled by concentration
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consistent with the idea that increasing electrolyte velocity or concentration result in a
higher diffusion rate (see Figure 2.8b).
Combined polarization
Total cathodic polarization, Tr.c, is the sum of activation and concentration
polarization:
TrT,c = lac".• + T•coc,
which can be expanded to
= log+ log -
is nF I LJ
(2-27).
A plot of Equation (2-27) is schematically
concentration polarization is usually absent for
reactions, there remains
7,a = I, log
represented in Figure 2.9. Because
anodic polarization of metal dissolution
(2-28).
2.2.2.3.4. Mixed potential theory
The principle of charge conservation is required to apply equations (2-27) and (2-
28) to any number of half-cell reactions occurring simultaneously on a conductive
surface. The total rate of oxidation must equal the total rate of reduction. That is, the
sum of anodic oxidation currents must equal the sum of cathodic reduction currents.
Corrosion potential and current density:
When a metal such as zinc is corroding in an acid solution, both the anodic,
y
-~ ,F
/
log i
Figure 2.9 - Total cathodic polarization.
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Zn - Zn2+ + 2e- (2-29),
and cathodic,
2H ÷ + 2e- -- H2 (2-30),
half-cell reactions occur simultaneously on the surface. Each has its own half-cell
electrode potential and exchange current density, as shown in Figure 2.10. However,
eo and 0  cannot coexist on an electrically conductive surface. Each must
eA.+ and2 e+ If H2
polarize or change potential to a common intermediate value, Ecorr, which is called the
corrosion potential. Ecorr is referred to as a mixed potential since it is a combination of
the half-cell electrode potentials for reactions (2-29) and (2-30).
As reactions (2-29) and (2-30) polarize on the same surface, the half-cell electrode
potentials change respectively, according to
f, = Pa log - (2-28)
and
1c = 0c log (2-24a)
(assuming that concentration polarization is absent for the moment) until they become
equal at Ecorr, as shown in Figure 2.11a. At Ecorr the rates of the anodic (2-29) and
cathodic (2-30) reactions are equal. The rate of anodic dissolution, ia, is identical to the
corrosion rate, icor, in terms of current density, and
ia = ic = icorr
at Ecorr, as indicated in Figure 2.11a. This diagram is commonly called an Evans
diagram. If several cathodic and anodic reactions are taking place, then the contribution
of each reaction to the total anodic and cathodic currents has to be taken into account.
The following section gives examples of simplified Evans diagrams where corrosion
'O.H+1 H, x×
2'-2
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Figure 2.10 - Anodic and cathodic half-cell reactions present simultaneously on a
corroding zinc surface.
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Figure 2.11 - polarization of anodic and cathodic half-cell reactions for zinc in acid
solution to give a mixed potential, Ecorr, and a corrosion rate (current density), icorr.
(a) No concentration polarization - (b) With concentration polarization.
involving several anodic or cathodic reactions is represented by a total oxidation or
reduction curve to determine the corrosion potential and corrosion current.
If a mass-transfer limitation occurs with the oxidizer species (cathodic reaction),
then Equation (2-24a) is replaced by Equation (2-27)
rc = c log + log 1- (2-27),
and Ecorr, and icorr are determined as shown in Figure 2.1 lb.
2.2.4. Passivity
Passivity results when certain metals and alloys oxidize to form very thin,,
protective films on their surfaces in corrosive solutions. Pourbaix diagrams for most
metals show stability of one or more oxides in oxidizing solutions. For example, the
simplified diagrams for iron and chromium in Figure 2.12 [1] shows that oxides Fe20 3,
Fe304 and Cr20 3 to be stable over wide ranges of potential and pH.
Metal and alloys fulfilling the foregoing definition of passivity display distinctive
behavior as potential and anodic polarization increase, as shown in Figure 2.13. At low
potentials characteristic of deaerated acid solutions, corrosion rates measured by anodic
current density are high and increase with potential in the active state. Above the primary
passive potential, Epp, the passive film becomes stable, and the corrosion rate falls to very
low values in the passive state. The reduced corrosion rate in the passive state may be as
much as 106 times lower than the maximum in the active state at ic. At still higher
potential, the film breaks down and the anodic rate increases in the transpassive state.
More severe conditions of higher acidity and temperature generally decrease the
passive potential range and increase current densities and corrosion rates at all potentials.
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Figure 2.12 - Pourbaix diagram for iron
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superimposed on the diagram for chromium [1].
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Figure 2.13 - Schematic active-passive polarization behavior.
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Thickening of the passive film is evidenced by decrease in ipass with time.
Typically, ipass is inversely proportional to time, leading to a logarithmic film growth law
of the from:
x=A+B logt.
2.3. GENERAL CORROSION IN LWRS
Before studying the effect of ionic zinc on corrosion in Light Water Reactors
(LWRs), it is important to first look at the current knowledge in this field, even though all
the models for the different processes involved are not yet fully accepted. Since it is now
generally accepted that zinc mitigates corrosion in BWRs, it is also of interest to point out
where the PWR corrosion processes are different, and consider whether the zinc effect
could be based on them. It may be possible that the zinc effects on corrosion in the BWR
environment is not reproducible in PWR primary systems.
The two alloys that will be considered are stainless steel (type 304 or 316) and
Inconel-600. Stainless steel is the main structural material in the BWR primary system,
whereas the relative surface areas in PWRs are usually around 64% and 10% for Inconel-
600 and type 304 stainless steel, respectively, the bulk of the remainder using Zircaloy-4
(fuel cladding).
In this section, the different BWR and PWR primary system corrosion features
will be treated in parallel. This approach has been undertaken to introduce an overall
comparison of all the different aspects of corrosion in these two types of reactors. First,
the chemistries are listed, and an electrochemical understanding of the corrosion
mechanisms, based on the chemistry features and experimental electrochemistry data are
briefly discussed. Then, based on the available literature, a more microscopic description
of the different corrosion phenomena and oxide characterization is undertaken. Finally, a
presentation of the classic corrosion inhibitor behavior is given, since this work is an
attempt to classify zinc as an inhibitor (at least in BWR environments).
Finally, it has to be pointed out that there is a rather limited literature about
electrochemistry for PWRs compared to BWRs, which is understandable since the ECP
in PWRs is low enough not to have required development of new techniques to decrease
it, as has been the case for BWRs to limit IGSCC.
2.3.1. The environments (electrolytes)
The main parameters of the BWR and PWR chemistries are summarized in Table
2.1. A significant difference in chemistry between the two types of reactors is chemical
addition. BWR reactors operate with high-purity de-ionized water with no or minimal
additives (zinc injection or Ni/Fe ratio control). The objective is to keep the water as
pure as possible. The result is a neutral water chemistry with regard to pH and an
intention to keep the conductivity as low as possible. The latter is a measure of the
impurities present in the system. In the PWR, boric acid (H3BO 3) is added as a neutronic
control, and lithium hydroxide (LiOH) is added to create a basic pH in the primary loop
coolant. Boric acid is injected up to 5400 ppm at reactor start-up and is slowly decreased
afterwards. Lithium hydroxide is injected in coordination to maintain a target pH.
However, this coordinated chemical injection is complex to achieve, and many laboratory
studies of PWR corrosion are made at constant concentrations. It is interesting to notice
that the injection of chemical additives on the order of a few tens of ppb, such as ionic
zinc, will lead to a significant increase of conductivity in BWR environments, whereas no
conductivity change will be observable in PWRs because of the high boron and lithium
concentrations.
There are two main types of chemistry that have been used in BWR primary
systems. One is called Normal Water Chemistry (NWC). In NWC, nitrogen is used to
strip oxygen from the feedwater. However, as a result of water radiolysis, the reactor
water contains a steady state concentration of approximately 200 ppb of dissolved 02 and
approximately 10 ppb of dissolved H2. Radiolysis, which occurs as the water passes
through the core, is the dissociation of water molecules by radiation, causing a small
portion of the water molecules to be decomposed into a variety of products, most of
which are short-lived. Hydrogen, oxygen, and hydrogen peroxide (H20 2) are the main
radiolysis products. However, concentrations of these species in the reactor coolant have
Table 2.1 - Typical water state and chemistry in water moderated reactors.
PARAMETERS Units PWR BWR (NWC) BWR (HWC)
Pressure MPa 15.5 6.9 6.9
Temperature * C 288 - 325 216 - 288 216 - 288
Conductivity / cm 1 - 40 < 0.1 < 0.1
pH (room temp) - 4.2 - 10.5 6.5 -7 6.5 -7
Oxygen ppb < 10 100 - 400 < 50
Hydrogen ppm 1.4-4 0.01 -0.02 0.1 -0.2
Lithium ppm 0.2 - 2.2 - -
Boron ppm 0- 5700 - -
Chloride ppb < 200 <200 <200
Solids ppb 10- 500 20- 500 20- 500
Table 2.2 - Typical Fe-Cr-Ni compositions of the most common alloys in
primary systems (percentages).
BWR and PWR
Material Fe Ni Cr
Inconel-600 8 75 16
Inconel-690 10 60 29
304 SS 65 8 - 10.5 18 - 20
316SS 65 10-14 16-18
been found to vary significantly from reactor to reactor [4]. Hydrogen has no oxidizing
properties for the hydrogen atoms are in their reduced form (oxidation degree = 0). The
oxidizing compound associated with hydrogen gas is water (oxidation degree = I), for the
redox couple is H20/H 2, according to the half-cell electrochemical reaction:
H2 = 2H' + 2e-.
Oxygen and hydrogen peroxide are both oxidizing species, whose reduced form is water:
02 + 4H+ + 4e- = 2H20,
H202 + 2H + + 2e- = 2H20.
Oxygen atoms (oxidation degree = -I in H20 2, and 0 in 02) are reduced to water
(oxidation degree = -II).
A- second type of chemistry has been developed recently for BWR primary
systems, and is called Hydrogen Water Chemistry (HWC). In HWC, hydrogen gas is
injected into the feedwater in order to lower the electrochemical corrosion potential
below -230 mV (SHE) in the recirculation piping. It is believed that -230 mV is a
threshold potential below which IGSCC will not occur. The reduction of the ECP is
discussed in the following paragraphs. Oxygen and hydrogen peroxide remain the
significant oxidizing species.
In PWRs, a hydrogen overpressure is maintained on the coolant circuit, which
creates a dissolved hydrogen concentration sufficient to suppress the generation of
oxidizing species by radiolysis within the core. This creates a reducing condition in the
PWR primary coolant. The oxygen is suppressed almost totally by hydrogen (oxygen
concentration less than 10 ppb), and the oxidizing species is water, or H+ ions for acid
pH, and OH- ions for alkaline pH. Therefore, BWR and PWR corrosion processes are
governed by different species.
To simplify the theoretical approach to corrosion, or oxidation, of metallic alloys
in BWR environments, the effect of hydrogen peroxide will not be considered. Hydrogen
peroxide is a thermally unstable species which decomposes rapidly under BWR
conditions. Because of this, it is very hard to measure experimentally, and consequently
its behavior is not very well understood. However, a theoretical electrochemical
approach, taking into account several oxidizing and reducing species and referred to as
the mixed potential theory is well-developed. Many papers dealing with it are available
in the literature for BWRs [5]-[6]. The difficulties associated with the experimental
determination of the different parameters of this model are discussed below.
2.3.2. The materials
Stainless steel (type 304 and 316) is the main structural material in the BWR
primary cooling system, whereas in PWR's, it is Inconel alloys (originally Inconel-600,
and Inconel-690 in new steam generators). Inconel is used to make steam generators, and
the relative surface areas in the primary circuit of a PWR are usually around 64% and
10% for Inconel and stainless steel 304, respectively. Stainless steels are iron-based,
Inconel alloys are nickel-based metals. Table 2.2 gives the elemental composition of
these alloys. It is beyond the scope of this work to justify the choice of stainless steel and
Inconel. Many factors have to be taken into account for material selection, starting with
compromise associated with resistance to all the different types of corrosion that take
place in those environments. However, it is important to stress that many of the current
corrosion problems were unknown when current generation nuclear power plants were
designed. The material also has to be available at reasonable cost, mechanically adequate
and must be fabricable into the necessary components. It is also important to choose a
material which is well-characterized, so that its degradation can be predicted. Obviously,
a critical requirement for the selected materials is that they develop a passivation layer in
the environments of the light water reactor primary systems.
As an example of material selection, we can recall why a nickel-based alloy such
as Inconel-600 was chosen to make the steam generators (SGs), versus stainless steel.
Many materials, such as stainless steel (the very first SG were actually made of stainless
steel), carbon steel, copper steel and Inconel, were considered for the steam generators.
There were two main criteria of selection, under a corrosion resistance standpoint, both
regarding the secondary side : Resistance to chloride stress corrosion cracking, and
resistance to caustic stress corrosion cracking. Chloride was particularly an issue for
plants using sea water in their condensation circuit, plus chloride is always present (up to
a few hundreds of ppb) in the reactor water. The secondary circuit environment is
caustic, which justify the second criterion. Experimentally, Inconel-600 turned out to be
the most resistant material among those economically affordable, and meeting the other
criteria for material selection previously cited. Nowadays, the new steam generators are
made of Inconel-690 which contains a higher chromium content then Inconel-600 (see
Table 2.2). This yields a better resistant to pitting and corrosion attack.
In both stainless steel and Inconel alloys, iron, nickel, and chromium are the main
constituents. The Pourbaix diagrams of these elements in water at 250"C-350°C are
presented in Figure 2.4 for iron and nickel [2], and Figure 2.5 for chromium [3] in section
2.2.2. These diagrams are interesting , since they indicate the stable forms of these main
constituents in oxidizing and reducing environments. At BWR and PWR pHs, iron,
nickel and chromium alloys seem to be either in the passivation or immunity state, except
close to the oxygen/water equilibrium potential. However, at a given potential-pH point,
multicomponent alloys (e.g., stainless steel or Inconel) will not see growth of the
combination of the stable form of each compound with respect to the elemental
composition of the alloy. It will be seen in section 2.3.4. that the process behind the
passivation film formation is somewhat more complex, involving a time-based
competition between the different oxides growing from each element, and an elemental
diffusion rate from the substrate.
2.3.3. Corrosion processes
2.3.3.1. Difficulties for quantitative approaches
Once the environments and materials behaviors in those environments are known,
it is easy to derive the Evans diagrams (kinetics diagrams) illustrating the corrosion
processes. Unfortunately, there are many unknown parameters that complicate a
quantitative derivation of such diagrams in BWR and PWR primary systems. First, there
are almost no data available for the passivation currents. These are extremely difficult to
measure at high temperature and pressure, and are expected to depend on the flow rates
(MacDonald [5] used the passivation current experimentally measured by Lee [7] for type
304 SS in NWC and neglected flow-rate effects as a first approximation). Second, the
exchange current densities for the electrochemical reactions taking place on the alloy are
also critical to make schematics of Evans diagrams. The exchange current density
(usually denoted io) for a charge transfer reaction depends strongly on the nature of the
substrate upon which the reaction occurs. For most simple redox reactions, the io on a
noble metal (e.g., Pd, Pt, Au) may be many orders of magnitude greater than that on a
passive metal or alloy. According to the work of Lamoreaux and Cubicciotti [8], it is
reasonable to consider that the aqueous species reactions, at steady chemistry (stabilized
ECP) take place at the water/steel interface. However, during a transient due to a
chemistry change, the oxide/water couple contributes to the corrosion potential during the
slow approach to the steady state and to the determination of the steady-state oxygen ratio
at the water interface. This is thought to explain the delay between a chemistry change
and stabilized ECP.
MacDonald [3] developed the Mixed Potential Model, where he derived a general
analyticafformula for current densities of half-cell reactions which are not at equilibrium.
Since he applied the model to hydrogen injection in BWR primary systems, he regarded
the oxygen and peroxide reduction reactions, as well as the hydrogen oxidation reaction.
His goal was to calculate the amount of hydrogen needed at different locations of the
circuit to have an ECP lower than the critical EIGSCC = -230 mV (SHE). He used Lee's
measurement of stainless steel passivation current [7]. He regarded the exchange current
densities as adjustable parameters (since unknown), and calibrated them against systems
for which the ECP and electroactive species concentrations were known simultaneously
at a particular location in a system.
The aim of this section will be limited to a qualitative understanding of the
corrosion processes, using simplified Evans diagrams, based on information found in the
literature. In order to simplify this approach, the hydrogen peroxide will not be taken into
account. Consequently, in BWR environments, only oxygen will be considered as the
oxidizing species.
2.3.3.2. Simplified Evans diagrams (qualitative approach)
Let us consider an alloy developing an oxidation film in a random primary
system. Then, we can vary the concentration of H2 and 02 so that they match BWR or
PWR environments.
Electron transfer and electrochemical reactions take place at the alloy surface.
Therefore, the alloy is always involved (and oxidized) in these electrochemical processes,
even when the main reaction is between hydrogen and oxygen. The alloy will always be
considered to have a well-developed film, and its kinetic diagram will be simplified to a
vertical straight line at a given passivation current, ip. Hydrogen and oxygen are present
in the electrolyte. Therefore, at low concentration or low flow rate, the rate of mass-
transfer of the oxygen or hydrogen can be lower than the rate at which oxygen or
hydrogen is consumed by the total reduction or oxidation reaction. This phenomenon is
called mass transport limitation or concentration polarization, and was described in
section 2.2. The reduction or oxidation rate limit is usually denoted by the limiting
current, iL, on Evans diagrams.
In a BWR under NWC, with a hydrogen concentration as low as 10 ppb, it is
expected that the hydrogen reduction rate is limited by the mass transport limitation
phenomenon (see Figure 2.14). Laboratory experiments showed that varying dissolved
hydrogen concentration had little, if any effect on the ECP [4], which seems to validate
this representation. In the case of no concentration polarization for H2, then Figure 2.15
should be considered. Then, the ECP is driven by the oxidation of hydrogen by oxygen,
whereas with a significant mass transport limitation of hydrogen, the ECP is mainly given
by the oxidation of the alloy (Figure 2.14). Figure 2.15 also shows the effect of
increasing oxygen concentration, leading to an increasing ECP, as has been measured in
plants [4]. This would also be true in the configuration of Figure 2.14.
Now let us consider an environment with a significant amount of dissolved
hydrogen (a few hundreds of ppb), but with little dissolved oxygen (a few tens of ppb). It
is typical of a BWR working under HWC. Still due to the mass transport limitation
phenomenon, a decreasing oxygen concentration or flow rate then implies a decreasing
ECP as shown in Figure 2.16. Note that a decreasing dissolved oxygen concentration
will also implies a decreased of the oxygen equilibrium potential Eo, 1,o.
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Illustration of very low hydrogen concentration (<10 ppb): The mass-transfer of hydrogen to the
surface is lower than the rate at which it is consumed by oxygen. The limit rate at which hydrogen
is consumed is denoted i L
. 
Then, the ECP is driven by the oxidation of stainless steel or both
hydrogen and stainless steel depending on how small iL is compare to ip.
Figure 2.14 - Evans diagram representing corrosion in BWR under NWC.
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Figure 2.15 - Effect of increasing concentration of oxygen (at high concentration) at high
hydrogen concentration (no limitation effect).
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Illustration of the effect of decreasing flow rate or O 2 concentration on the ECP at low oxygen concentration
(high enough to still have 02 as the the main oxidizing species) at a given hydrogen concentration of a few
hundreds of ppb.
Figure 2.16 - Evans diagram representing corrosion in BWR under HWC.
Then, down to a certain level of oxygen, the ECP is driven by the oxidation of the
alloy by water (see Figure 2.17). This is believed to be the configuration representative
of PWR primary systems [9]-[10], since water is quoted to be oxidizing species.
Moreover, the ECP measured for both stainless steel and Inconel in simulated PWR
environments [6], and in an actual plant [11] show that the corrosion potentials are very
close to the hydrogen equilibrium potential (a few millivolts lower). This might be due to
a flat Tafel slope for the water oxidation reaction, or because of a hydrogen exchange
current density (i 2o,1, ) close to the passivation current of the alloy.
Consequently, the oxidation processes are significantly different in BWRs (NWC
or HWC) and PWRs. In BWRs the ECP is fixed by the oxidation of both hydrogen and
stainless steel in NWC, and mainly by the oxidation of hydrogen in HWC. The oxidizing
species are oxygen and hydrogen peroxide. In PWRs, the ECP is driven mainly by the
oxidation of the alloy by water.
2.3.4. Corrosion films
Now that the electrochemical understanding of corrosion within BWR and PWR
primary cooling systems has been developed, it is of interest to compare the oxide film
structures and growth that result. This section does not aim at giving comprehensive
descriptions of all the different phenomena involved, for many of them are still the
subject of debate. It is beyond the scope of this work to review all the different models
that are available in the literature. This section is of importance to understand the
experimental findings regarding the effects of ionic zinc on the corrosion film structures,
which are presented in Chapter 3.
2.3.4.1. PWR primary system
The following description of the corrosion processes and features for PWRs is
mostly based on Robertson's [9] and Lister's [12] papers. They complement each other
and give a good, in-depth overview of the subject.
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The concentration of oxygen is low enough not to be the main oxidizing species. Here, water is the
main oxidizing species and reacts with the alloy.
Figure 2.17 -Evans diagram representing corrosion in PWR primary systems.
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Oxide features:
It is well known that mild steel corrodes in high temperature, oxygen-free, neutral
or mildly alkaline aqueous solutions to form a duplex protective film of magnetite, Fe304
[13]. As shown earlier, the Pourbaix diagram shows that in a PWR reducing
environment, the stable iron species is magnetite. The oxide volume is roughly twice that
of the metal it replaces. The inner layer grows in the space originally occupied by the
metal at the oxide-metal interface, as shown on Figure 2.18. The outer layer grows at the
oxide-solution interface and its morphology suggests that it precipitates from solution. It
seems that the growth of the inner layer is due to the continuous access by water to the
metal-oxide interface through the pores of the oxide. Understanding the growth of the
outer layer requires the knowledge of the ionic transport along the path taken by ions that
are released from the substrate and that are not incorporated in the inner layer. There are
two main competing models for the growth of the outer layer. The solution transport
model states that the ions diffuse along pores and then precipitate at the outer oxide
surface. The solid state transport model argues that the outer layer grows by the diffusion
of ions al6ng grain boundaries in the oxide.
Stainless steel and Inconel alloys both develop an oxide having the same duplex
structure as mild steels, but the films are believed to be less porous. In his computer
code, PACTOLE, Beslu [10] assumes a film porosity of 20%, for a density of 4 g/cm 3.
Chromium is present in stainless steels and Inconel alloys since this compound was
believed to lead to the formation of chromia, Cr20 3, which is more protective than spinel
type oxide, denoted M30 4. However, experimental evidence mentioned by Robertson [9]
tends to show that the steels form spinel oxide in the temperature range of 200-350"C.
However, in both lower temperature aqueous solutions and during high temperature
oxidation (> 350"C), stainless steels form chromia-based films. According to Robertson,
the chromia film nucleates above the grain boundaries of the alloy and spreads laterally
under an initially formed spinel oxide, as shown on Figure 2.19, at a rate which falls
rapidly with decreasing temperatures. In low temperature aqueous solutions, reference
[14] states that the chromia film grows by the selective dissolution of the other
components of the alloy, with metal ions passing through the film.
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Figure 2.18 - Duplex oxide on mild steel [9].
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Figure 2.19 - Passive film on Cr steel [9].
The inner oxide layer developed on Inconel and stainless steel in the PWR
environment is enriched in chromium compared to the composition of the base metals.
Indeed, according to Robertson [9], the location of each alloying impurity in the oxide
depends on how rapidly it diffuses through the oxide film. Faster diffusing impurities
will pass through the outer layer, while slower diffusing impurities like chromium will
remain in the inner layer. The oxides of Fe304, NiO, CoO and the spinels, M304 , are
each based on a close-packed cubic sublattice of oxygen ions in which the metal ions are
the faster moving species and determine the oxidation rates. The diffusion rates of these
metal cations in the oxides have been measured [15] and are found to follow a well
defined order:
* Mn 2+ > Fe2+ > Co2+ > Ni 2+ >> Cr 3+
due to increasing octahedral site preference energies [16] along the series. A
consequence of the above ranking is that the Cr ions are retained in the inner layer, and
also tend to slow the diffusion rate of their surrounding ions, so that rate control always
resides in- the inner oxide layer. According to Robertson, the oxide volume is roughly
twice that of the metal it replaces, with the inner and outer layers of equal volume.
Conversely, Lister [12] considers the outer layer to be thicker.
The crystallographic structure of the oxide film was investigated by Lister [12], as
he studied the propensity of the oxide film to pick-up the activated cobalt-60 present in
the cooling water. As mentioned in the introductory chapter, the primary radionuclide of
concern in the contamination of the primary cooling systems of nuclear reactors is cobalt-
60.
On stainless steel, the inner oxide layer is a chromite with the basic formula :
CoxNiyFe(.-x-y)Cr20 4,
where x+y <1 and, since cobalt is an impurity element, x<<y. Such chromites have the
normal spinel structure, in which the CrIII ions fill the octahedral sites in the crystal
lattice, and CoII, NiH and Fell are distributed among the tetrahedral sites.
The outer layer, on the other hand, is a ferrite with the basic formula:
CoxNiyFe(l-x-y)Fe204,
where x+y <1 and x<<y. Such ferrites have the inverse spinel structure, in which the
Fern ions fill the tetrahedral sites and half of the octahedral sites, and Coil, NiH and FeII
are distributed among the remaining octahedral sites.
To consider other trace element, such as Mn, these general formulas can be
expanded to:
MnzCoxNiyFe(1-x-y-z)Cr204 (inner layer),
MnzCoxNiyFe(.-x-y)Fe204 (outer layer),
with x and z << y.
Then, using simple crystal field theory involving data for the stabilization
energies and octahedral site preference energies of transition metal ions in spinel lattices,
Lister deduced that cobalt will be more stable in tetrahedral sites, and therefore will be
preferentially incorporated in the chromite versus the nickel ferrite. The chromium
content of the oxide, then, is important for determining Co-60 pick-up and cobalt release,
for it is the key ingredient in PWR circuits that promotes the normal spinel structure
rather than the inverse spinel. If diffusion processes can be neglected, the inner, chromite
layer will incorporate the Co-60 strongly, but since it is rather thin (type 304 stainless
steel has only -18% Cr) a relatively small amount of activity will be involved. The outer
ferrite layer will be thicker, but will incorporate less Co-60 on a unit mass basis than the
inner layer. In some circumstances, the inner, tightly-adherent oxide on PWR surfaces
can contain more activity than the outer surface [17], indicating that preferential
incorporation in the chromite layers outweighs the lesser incorporation in the thick ferrite
layers.
Corrosion products release:
In static tests in autoclaves or in loop tests, it is usually found that up to a half of
the possible oxide thickness is released to the water [18-23]. Clearly, the outer layer
oxide tends to be released while the less soluble inner layer is always retained. This links
the release rate to the local corrosion rate, and therefore release and corrosion have the
same time dependence. Moreover, Lister [24] found that the corrosion rate seems to be
independent of the degree of saturation of the coolant, the latter being however the key
parameter for the formation of the outer layer (for both stainless steel and Inconel).
According to reference [24], cobalt is often released in preference to the other elements
under normal PWR conditions.
Finally, different lithium / boron chemistries have been developed for PWRs, each
of which have effects on corrosion release and build-up. Byers and Jacko [25] showed
that chromium profile within the corrosion film is significantly influenced by the lithium /
boron chemistry. Moreover, the effects of these different chemistries are not fully
understo6d (Lister [24] and Beslu [26] give inconsistent results regarding the effect of
chemistry on cobalt release).
2.3.4.2. BWR normal water chemistry
Under NWC conditions a duplex oxide has been observed on stainless steel [27],
as well as on Inconel [28], as for PWRs. However, the inner and outer layers are
composed, respectively, of hematite and spinel oxides, whereas both layers in PWRs
consist of spinel oxide. Hematite is a(-Fe20 3 and corresponds to the highly-crystallized
layer which limits the dissolution of metals because of its low solubility, and the spinel
constitutes the inner oxide layer of high chromium content which restricts the diffusion of
metals because of its large binding energy.
According to Pourbaix diagrams, it was expected that the stable form of iron in a
BWR oxidizing environment, with water around 200 ppb of oxygen leading to an ECP
close to the oxygen/water equilibrium potential, was hematite, Fe20 3, as opposed to
Fe30 4 in a reducing environment. According to Niedrach and Stoddard [29], the inner
layer in contact with the metal surface is under conditions that are strongly reducing
regardless of the water chemistry. Therefore, a gradient of oxidation states occurs across
the corrosion film, an the corrosion film can be schematically represented as in Figure
2.20. In this connection, Fe20 3 can exist in both the stable hematite form (a-Fe20 3) and
the metastable maghemite form (y-Fe20 3) [29]. The latter exhibits a cubic crystalline
structure almost identical to that of the spinel structure of magnetite and substituted
magnetites. To maintain charge balance in the y-Fe20 3, vacancies replace some of the
sites occupied by ferrous ions (Fe ll) in the reduced form (Fe II). Such vacancies could
result in enhanced transport rates of ions through the film, thereby facilitating corrosion.
Moreover, some experiments showed that the greater the fraction of hematite in
the film, the less protective the oxide and the thicker the film [30]-[31]. The depletion of
chromium and nickel and the accumulation of impurities in water such as cobalt, zinc,
and copper, have been observed in the outer layer on stainless steel. The inner layer,
marked by a higher chromium concentration, controls the corrosion rate.
According to Marble and Wood [32]-[33], in normal water chemistry, 304 SS
favors the formation of oxide films dominated by hematite, while 316 SS favors the
formation of oxide films dominated by the spinel. This is believed to be caused by the
difference in base metal nickel concentration between the two alloys. The 304 SS
contains -8% nickel, while 316 SS contains - 1% nickel. The greater the concentration
of divalent ions, in this case nickel, available for incorporation in the oxide, the higher
will be the fraction of spinel according to the authors.
2.3.4.3. BWR hydrogen water chemistry
Hydrogen Water Chemistry (HWC) involves the suppression of oxygen by
hydrogen injection. As mentioned earlier, the decrease in oxygen concentration causes a
decrease in the ECP, which is aimed at mitigating IGSCC in BWRs operating under
NWC.
This decrease of ECP leads to a transformation of the outer layer formed under
NWC, since the thermodynamically stable form of iron in a reducing environment, at
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Figure 2.20 - Bi-layer oxide film formed on stainless steel in BWR NWC environments.
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BWR neutral pH and high temperature, is magnetite (Fe304) versus hematite (Fe203) in
an oxidizing environment. This results in thinner films according to reference [32].
Cowan and Marble [34] investigated the oxide restructuring when hydrogen is
injected in plants that originally operated in NWC, along with the increase of reactor
water cobalt-60 resulting from such injections. General Electric laboratory experiments
showed a somewhat surprising phenomena regarding hematite-magnetite conversions.
The transformation of Fe20 3 to Fe304 was sluggish, whereas the opposite conversion was
rapid.
When 304 SS is exposed to NWC environment, experimental evidences such as
those exposed in reference [4], show chromium tends to go into solution as chromate,
CrO4 2-, and Cr is depleted relative to iron in the oxide layer. However, the Pourbaix
diagram for the chromium-water system at 250 and 300"C, presented in Figure 2.5, show
that at neutral pH and under oxidizing environment, the most stable chromium species is
HCrO4-. Chromate is stable at higher pH. In the HWC reducing environment, chromium
is no longer soluble as chromate and therefore tends to concentrate in the oxide film,
which is considerably thinner than that formed under NWC conditions.
At an electrochemical potential close enough to the hydrogen equilibrium
potential, the corrosion layer is expected to be close to that developed in PWRs primary
systems. The main differences would be the pH, temperature, and that no added
chemicals are present in the coolant of a BWR as opposed to the lithium-boron chemistry
of a PWR.
2.4. INTRODUCTION TO CORROSION INHIBITORS
It is now acknowledged that zinc reduces corrosion rates, cobalt release and cobalt
deposition in BWR environments and in many simulated PWR conditions. One of the
goals of this work is to develop an understanding of the mechanisms involved. Corrosion
inhibitors act by specific mechanisms which have been classified in the literature. This
section provides an introduction to that classification and a presentation of mechanisms in
order to inform later discussion of whether ionic zinc in LWR environments behavior as
an inhibitor.
Where corrosion occurs in moist environments, an inhibitor added to the corrosive
medium lowers the corrosion rate by retarding the anode process (in our case the
corroding metal) or the cathodic process (half-cell reducing reaction) or both. There are
three main types of inhibitors: anodic, cathodic and mixed. They can be organic or
inorganic species. The effect of any dissolved ions will affect the corrosion rate by some
or all of the following: changing the conductivity of the electrolyte, attacking or
strengthening passive films on the metal surface, changing the local pH.
2.4.1. Electrochemical behavior
Inhibitors are classified according to whether they affect the anodic process, the
cathodic process, or both (mixed inhibitors). Two different types of inhibitors have
different effects on the corrosion potential. An anodic inhibitor increases the anode
polarization and hence moves the potential in the positive (oxidizing) direction, whereas a
cathodic inhibitor decreases the corrosion potential (reducing direction). With mixed
inhibitors, the potential change is smaller and its direction is determined by the relative
size of the anodic and cathodic effects. Figure 2.21 [35] illustrates this argument for a
general case with a metal in an active state. Each case leads to a lower corrosion current
density, icon. In this basic configuration, interpretation of inhibitor actions is simple. An
anodic inhibitor reacts with the metal (or rather the metal ions released by oxidation) to
form a protective film by reducing the area of fresh metal exposed to oxidation. The
cathodic inhibitor affects the cathodic reaction by forming a protective film where this
reaction occurs, i.e. on the cathodic surface.
Most of the literature concerning inhibitors is relevant to metals operating in the
active region, where corrosion rate is high. In a LWR primary system, the alloy, without
zinc inhibition, is already in the passive state. In other words, the anodic curve, in a
simplified manner, can be represented by a vertical straight line corresponding to the
passivation current, ip. Consequently, a cathodic inhibitor might not have a significant
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Figure 2.21 - Action of corrosion inhibitors on metals in active states:
(a) Anodic inhibitors - (b) Cathodic inhibitors - (c) Mixed inhibitors.
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effect on the corrosion rate (see Figure 2.22), since a decrease of potential does not imply
a decrease of icorr, which actually should remain the unchanged at ip.
These phenomena are understandable since the reaction controlling the corrosion
rate for a passive metal in an aqueous medium is the anodic reaction (oxidation of the
alloy). This can be explained simply using Evans diagram schematics for a passive
metal. For instance, consider the case of an alloy passivated by a single oxidizing
species. Assume that the oxidizing species does not undergo any concentration
polarization. Then, the corrosion rate is independent of the oxidant concentration, as
shown in Figure 2.23a. However, if the oxidant concentration drops sufficiently that the
metal is corroded in the active region (see Figure 2.23b), then the oxidant controls the
corrosion rate (i.e., the corrosion rate depends on the oxidant reduction rate).
Consequently, unless the cathodic inhibitor has a dramatic effect on the cathodic
reaction rate, no beneficial effect of such species on the corrosion rate is expected.
Obviously, since anodic and mixed inhibitors have a direct impact on the passivation
current, these two types of inhibitors are effective. In the following section, a more
physical discussion, using models, will be developed to justify these theoretical
expectations about effective and "non-effective" inhibitors.
The discussion of the cathodic inhibition for a passivated alloy assumed that the
passivation current was constant over the entire passive range of potentials. This is a
simplification; the effect of a passive film often varies with the electrochemical potential.
For instance, we saw that for iron in a high temperature environment, the stable species in
oxidizing (NWC) conditions was hematite, Fe20 3. A decrease of ECP below a certain
potential is followed by a transformation of hematite to magnetite, Fe304, since the latter
is more stable than hematite at the lower potential. Furthermore, magnetite is believed to
be more protective than hematite [30]-[31] and therefore the passivation current should be
reduced. Consequently, for mild steel, the passivation region is better represented by
Figure 2.24.
As a result, still in the case a mild steel in a NWC environments, a decrease of
ECP due to a species acting on the cathodic reaction on mild steel, may be followed by a
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Figure 2.22 - Action of corrosion inhibitors on metals in passive states:
(a) Anodic inhibitors - (b) Cathodic inhibitors - (c) Mixed inhibitors.
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Figure 2.23.a - When the alloy is in the passive region, it controls the corrosion rate which is independent
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Figure 2.23b - When the alloy is in the active region, the oxidant controls
the corrosion rate.
Figure 2.23 - Influence of the oxidant concentration on the corrosion rate.
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Possible evolution of the passivation current developing on iron within the
potential regions where magnetite and hematite are stable.
decrease in the passivation current which tends to increase the ECP, limiting the ECP
drop.
2.4.2. Fundamentals of inhibition mechanisms
Before studying the inhibition mechanisms of the cathodic, anodic or mixed-
inhibitors, it is necessary to understand where the cathode and anode are on a passive
metal. Then, if electrochemical data permits us to classify ionic zinc on the basis of an
inhibitor model, we can postulate where the physical interaction sites exist.
2.4.2.1. Anode and cathode on a passivated alloy in LWR environments
Descriptions of the corrosion inhibition mechanisms found in the literature are
exclusively related to active metals. In this case, both anode and cathode are on the bare
metal surface, as shown in Figure 2.25. For a passive metal (bare metal covered by a
passive film), the situation is more complex and less certain.
Consider the case of interest in this study: a passive metal in a LWR environment.
It was mentioned in section 2.3 that the oxide film has a duplex structure, and is not
exclusively a passive film. There is the inner layer, defined by its high chromium content
which is the actual passive film. The outer oxide layers in PWR and BWR environments
develop through two distinct processes. In PWRs, the outer layer (ferrite) is due to
precipitation of the ions not trapped in the passive film. It is the result of a chemical
reaction (precipitation) as opposed to an electrochemically driven reaction. The thickness
of this layer is driven by the corrosion rate. The higher the corrosion rate, the more ions
are released from metal and inner layer, and therefore the more likely precipitation will
occur. In BWRs, the outer layer is defined as the part of the corrosion film which is
formed with Fe20 3, and is not only due to precipitation as discussed below.
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Figure 2.25 - Locations of the anode and cathode on a metal oxidized in the active state.
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As mentioned in Section 2.3, the oxidation of the alloy by water takes place at the
metal/oxide interface due to continuous access by the electrolyte through the pores of the
oxide [9]-[10]. Consequently, the cathode (where the oxidation reaction and electron
transfer occur) is the bare metal surface.
The anode is where the ions from the corroding metal are released and may react
with aqueous species. There are two competing models for the diffusion of these ions
from the corroding metal to the electrolyte. The solution transport model suggests that
the corrosion products are released into the electrolyte in contact with the base metal.
They then diffuse through the electrolyte along the interconnected pores of the oxide. In
this model, the cathode and anode are on the surface of the base metal as shown on Figure
2.26a. However, it is possible that a corrosion inhibitor like zinc has no access to this
area because of the small size of the pores, or because it is absorbed by the corrosion film
before it reaches the metal surface. In this case, the anode is effectively the inner layer
surface, where soluble corrosion products are released into the coolant.
The solid state transport model, on the other hand, contends that metallic ions
diffuse along grain boundaries in the oxide. This ionic flux takes place through the oxide
vacancies. Soluble corrosion products contact the electrolyte on the inner surface layer.
Therefore, in this model, the anode is on the inner film surface (see Figure 2.26b).
However, if the anodic inhibitor diffuses downward through the inner film, the latter can
be regarded as an electrolyte itself. Then, the reaction between the inhibitor and the
alloying elements occurs within the inner oxide layer.
The most recent version of PACTOLE, a computer code predicting the activation
and transport of corrosion products in PWRs, takes both models into account [36].
Previous versions used the solution transport model only.
In both models, the corrosion rate is limited by ion diffusion through the oxide
with a constant supply of oxidant (water). Consequently, the anodic reaction controls the
corrosion rate, as demonstrated using Evans diagrams in section 2.4.1 (Figure 2.22).
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Figure 2.26a - Solution transport model.
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Figure 2.26b - Solid state transport model.
Figure 2.26 - Locations of the anode and cathode on a passivated alloy in a PWR
environment.
(The outer layer due to corrosion products precipitation is assumed not to be developed or
little developed yet).
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BWRs:
In a BWR under NWC we saw that a gradient of oxidation state occurs across the
film, due to a decreasing oxygen concentration downward through the oxide film [29].
The corrosion film has a duplex structure as in PWRs. The outer layer is exposed to the
oxidizing environment (Fe20 3 is the stable form for iron). The inner layer is developed
in a more reducing environment (Fe304 is the stable iron species), see Figure 2.20.
According to Niedrach [29] , the limited amount of oxygen that has access to the metal /
oxide interface oxidizes the metal. Under these conditions oxidation of chromium stops
at the trivalent state (Cr ll) in which case it substitutes for ferric iron in the spinel.
However, as the corrosion products diffuse upward (according to the solution or solid
state transport model) through the oxide film, they tend to be oxidized by oxygen as they
progress in a more oxidizing environment.
According to this discussion based on experimental evidence, the cathode (where
the oxygen cathodic reaction takes place) is located mostly in the outer oxide layer
formed of hematite. Most likely that the part of the outer layer in contact with the
flowing reactor water is formed by precipitation of corrosion products as happens in
PWRs. In this case, the cathode is mainly located at the bottom of the outer oxide layer.
As for oxygen, water impurities may diffuse rather easily through the part of the film due
to precipitation which is known to have an open structure [29]. Then, they would react
with corrosion products at the bottom part of the outer oxide film which would also be
the anode. The model developed here is schematically represented by Figure 2.27.
In HWC, the reduction of oxygen by hydrogen (main redox reaction) takes place
on the oxide surface [10], according to the reaction:
H , (aq) + 02 (in oxide) 1 H20.2
The catalytic surface is thus the oxide film surface.
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Figure 2.27 - Locations of the anode and cathode on passivated alloys in BWR NWC
environments.
Here the part of the outer layer due to precipitation is assumed to be little developed yet,
such that water impurities and oxygen have an easy access to the passive film.
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2.4.2.2. Anodic inhibitors
Anodic inhibitors are ions which migrate to anode surfaces, where oppositely
charged ions are released from the corroding metal . If the corroding metal is in the
active region, then the metallic ions are usually positive, and the possible anodic
inhibitors are anions. In the case where the alloy is passivated, the ions released during
corrosion can be negatively charged. For instance, as was mentioned earlier, chromates,
CrO42- or HCrO4- are thought to be released under BWR oxidizing conditions.
Consequently, cations (positively charged ions), such as Zn2+ ions, are also candidates to
be anodic inhibitors in LWRs.
For metals corroding in the active region, anodic inhibitors react with the ions of
the corroding metal to produce either a passive film (that is added to the existing one
when the alloy is already passivated), or salt layers of limited solubility which coats the
anode. In other words, they have an impact only on the anodic polarization diagram, as
shown in Figure 2.21. When the metal is already passivated in the absence of an inhibitor
(that is the case in nuclear systems), an effective anodic inhibitor would form an even
more protective film than that formed without it, and the passivation current would be
reduced.
Anodic inhibitors found in the literature [1]-[35]-[37]-[38] are species that
passivate a metal corroding in the active region (which is not of interest in the case we are
dealing with). Two types are of importance. First, inhibitors which require dissolved
oxygen to be effective, such as molybdates, silicates, phosphates and borates. They
enhance the chemisorption of oxygen, and therefore increase the oxygen reduction rate.
Thus, the corrosion potential increases. If it is raised above the primary passivation
potential, Epp, then the alloy develops a protective passivation layer on its surface and the
corrosion current density decreases significantly. The second main category of anodic
inhibitors comprises inhibitors which are themselves oxidizing agents such as chromates
and nitrics. They actually oxidize the metal leading to the formation of a highly
protective passive film. In other words, when injected at high enough concentrations,
they move the potential into a noble (oxidizing) region where the passive film is stable
(the resulting corrosion potential is above Epp). This type of anodic inhibitor is also
called a "passivator". Note that most of the materials exposed to LWR coolant (for
example as stainless steels and Inconel) contain chromium. This is motivated by the fact
that chromium acts as an anodic inhibitor once released from the base metal and forms
very protective films in these environments.
It is possible for a passive corrosion film to become locally less protective (e.g.,
by physical degradation). Then, the anodic reaction (i.e. corrosion reaction) is
significantly increased in this area. The film being thinner, ionic diffusion is higher.
Consequently, the metal releases ions preferentially at this spot which becomes a strong
local anode. Therefore, in the case where the film is not uniformly protective, deposits
due to reaction between anodic inhibitor and corrosion products are heavily found on
local spots scattered on the oxide film surface.
2.4.2.3. Cathodic inhibitors
Cathodic inhibitors are, as a rule, cations (ions positively charged) which migrate
towards cathodic surfaces, where they are precipitated chemically or electrochemically
and thus block these surfaces. The cathodic surface is the region where the cathodic
reaction takes place and where the electrons needed for such a reaction to occur are
released. Thus, the cathodic surfaces are negatively charged, which tends to attract the
cations.
Cathodic inhibitors mitigate the rate of the cathodic (oxidizing) reaction by
forming thick films on the metal surface which reduce the transport of oxidizing species
to the surface. Thus, if the corrosion rate is driven by the cathodic reaction (i.e. if the
metal is in the active region), the corrosion rate is reduced. The film formed by the
cathodic inhibitor must be electrically non-conductive or the cathodic reaction will occur
on the surface of the film.
The possible processes (that can occur simultaneously) giving rise to insoluble
products on the surface of an active metal are [39]:
(a) Reaction of soluble species with hydroxide to precipitate a solid,
(b) reaction of soluble species with ferrous ions,
(c) reduction of soluble species at the active metal surface followed by precipitation, and
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(d) decomposition of soluble species followed by precipitation.
Trethewey and Chamberlain [38] gives more specific examples of inhibition of
the oxygen and hydrogen cathodic reactions. For oxygen:
2H20 + 0 + 4e -, 40H-,
the inhibitor reacts with the hydroxyl ion OH- to precipitate an insoluble compound on
the cathodic site, thus preventing access of oxygen to the site. The most widely used
inhibitors of this type, for active metals, are salts of zinc and magnesium, which form
insoluble hydroxides.
For hydrogen:
2H+ + 2e- -+ 2H --+ H2
The salts of metals such as arsenic, bismuth and antinomy are added for this purpose to
form a layer of adsorbed hydrogen on the surface of the cathode. Inhibitors which control
the evolution of hydrogen gas from the surface may allow hydrogen atoms to diffuse into
steel. The exchange current density of the hydrogen reaction is significantly lower on
zinc metal (ZnO) and non-conductive materials such as zinc hydroxide, which are
therefore good inhibitors for the hydrogen cathodic reaction if they depose on the
cathode.
2.4.2.4. Mixed inhibitors
Mixed inhibitors are double acting, i.e. they simultaneously retard both the anodic
and cathodic processes, and are absorbed fairly uniformly over the metal or oxide surface.
They are usually organic compounds [35]. Organic corrosion inhibitors are usually
similar to pickling inhibitors, used in the pickling of metals in acids, or to crystal growth
inhibitors (brightness) used in electroplating. However, there are examples of inorganic
ions acting as mixed inhibitors, such as chromate CrO42- [1].
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2.4.2.5. Impact of inhibitors on LWR material ECPs
As described in section 2.3, the primary oxidizing species is different in BWRs
than in PWRs: oxygen for BWR under NWC (neglecting hydrogen peroxide), and water
(H+, or OH-) in PWRs. Therefore, it is possible that the inhibition mechanism of zinc in
these two different environments is different. However, both H+ reduction and 02
reduction increase the pH. In a PWR environment the main oxidizing species is water,
and the oxidation reaction is that of the alloy. Therefore, monitoring the ECP shift
associated with zinc injection can help identify the inhibition mechanism, if one exists.
For a BWR under HWC, the main electrochemical reaction does not involve
metal oxidation. Indeed, we saw that the ECP is driven by the reduction of dissolved
oxygen by hydrogen. This reaction takes place at the catalytically active surface of the
oxidized steel. In this case, any significant ECP shift following zinc injection should be
due to the inhibition of this main reaction. If only the oxidation of the alloy by oxygen is
affected, then only a small ECP shift should result. Consequently, it may be hard to draw
any conclusion regarding corrosion inhibition mechanisms from ECP shifts under HWC.
For a BWR under NWC, the hydrogen concentration is low enough that the main
reaction is the oxidation of the alloy by oxygen. Then ECP shifts can be properly
interpreted as for PWRs. It must be recalled that in actual plants, depending on the
location of the material in the cooling circuit, hydrogen peroxide might be an important
or dominant oxidizing species. ECP shift amplitude after injection of cathodic or mixed
inhibitors again depends on which reduction reaction is affected, and on the contribution
of this reaction to the overall reduction reaction.
2.5. CHAPTER SUMMARY
This chapter first presents a brief introduction to corrosion science and to the
electrochemical nature of aqueous corrosion. Then, in order to better appreciate the
effects of zinc on corrosion in BWR and PWR environments (described in the following
chapter) the current knowledge of corrosion processes in LWRs is analyzed and
presented. In PWR environments, the corrosion film formed on stainless steel and
Inconel piping has a duplex structure. The chromium-rich inner film is the passivation
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layer, and the outer layer composed of ferrite is due to precipitation of the corrosion
products as they diffuse out of the oxide film. In BWRs, the corrosion film developed on
stainless steel has also a bi-layer structure. The chromium-rich inner layer is formed in a
reducing environment in which chromium is oxidized to its trivalent state Cr IU in which
it substitute for ferric iron in the spinel to form an oxide of general formula (Fe,Cr)30 4.
A gradient of oxidation state occurs across the film, due to a decreasing oxygen
concentration downward through the oxide film. The outer layer is exposed to the
oxidizing environment (Fe20 3 is the stable form for iron) in which chromium is no more
stable in its trivalent state, and forms soluble compounds such as chromate Cr20 42-.
From experimental evidences, it is stated in this chapter that reduction of oxygen takes
place mainly at the bottom of the outer layer, and that the upper part is due to
precipitation of corrosion products.
Finally, a description of the different types of corrosion inhibitors is presented and
an attempt is made to locate the anode and cathode on passivated alloys in PWR and
BWR environments. They are three types of inhibitors: The cathodic inhibitors that act
on the cathode, the anodic inhibitors that act on the anode, and the mixed inhibitors which
interferes with both the anodic and cathodic reactions. In PWR, the hydrogen cathodic
reaction takes place at the oxide metal interface, and the anode is presumably located at
the inner / outer layer interface. In BWR NWC it is argued that the oxygen cathodic
reaction takes place mainly at the bottom of the outer layer which is also believed to be
the anode (where the corrosion products are available for reaction with water impurities
such as zinc).
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CHAPTER 3
LITERATURE SURVEY ABOUT ZINC INJECTION IN LIGHT
WATER REACTORS TO MITIGATE COBALT-60 BUILD-UP
3.1. INTRODUCTION AND IMPORTANT DEFINITIONS
General corrosion in light water reactors is not an issue for materials integrity
since the corrosion rate of the protective passivation layers forming on the pipes is very
low. It is, however, of concern because of its propensity to release some of its oxides,
which are then transported by the coolant, and can be activated on the fuel before being
released and re-deposited on the piping. These phenomena were briefly described in
Chapter 1. The most important contributor to the dose measured from the primary system
piping is isotope cobalt-60, which is due to the absorption of a neutron by the stable
cobalt-59 which is found in trace amounts in virtually all nickel-bearing alloys.
Therefore, much of the research effort in the contamination field has been directed toward
ways of reducing the amount of cobalt-60 that deposits on the primary system piping, a
phenomenon which is called cobalt-60 build-up.
This chapter is a literature review dealing with zinc injection used to mitigate
cobalt-60 build-up on BWR and PWR primary system piping. It is now generally
acknowledged that zinc mitigates the overall cobalt-60 buildup in a BWR normal
chemistry environment. Zinc injection systems have been installed in a number of BWR
plants over the past few years. There are three main phenomena that are responsible for
cobalt-60 build-up: oxide film growth, cobalt release from the materials, and the
propensity of the activated Co-60 to become integral of the oxide films. The latter
phenomenon is called cobalt-60 pick-up. Obviously, the oxide film growth depends on
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the corrosion rate, and the thicker the oxide film, the more cobalt, along with other
alloying elements, becomes available for release to the coolant. The corrosion products
may remain on the metal in the region where they were formed, or they may be released.
Release is due to some combination of three features: spalling of solid corrosion product,
film dissolution, and removal of ionic corrosion products in solution before they can
deposit in the region where they originated. Clearly, from the point of view of corrosion
product release in water-cooled reactors, all of the above processes can occur and any
definition of release must consider all three. However, in research papers, just one of
these phenomena is usually called release. Lister's definition [1] is: "An atom of a metal
is released during corrosion when it leaves the solid surface and escapes from its place of
origin. If the system permits, it may return and deposit on the same surface".
The two sections dealing with zinc injection in BWR and PWR environments will
be divided according to these three phenomena. Each of these sections will also be
divided into laboratory experiments on fresh metal tubing, and other experiments looking
at the effect of zinc when an oxide film is already formed on the test samples. The latter
case simulates zinc injection in plants that have operated with zinc-free coolant. The
established oxide film does not allow zinc to have immediate access to the bare metal,
where the alloy corrosion takes place. With the experiments using fresh metal, however,
the effect of zinc is measurable right away, since zinc can act immediately on the
corrosion process. Consequently, time is expected to be an important factor if zinc is
found to be beneficial on passivated alloys.
This literature review is presented in such way that, first, experimental data are
separately displayed along with the conditions of the experiment and the interpretation of
the researchers. Analysis of the set of data available on the impact of zinc on a particular
corrosion phenomena is then conducted. This format is adopted so that the reader
disposes of the most important information for each experiment (conditions and results),
and can then further develop his/her own interpretation. Obviously, an exhaustive list of
all the parameters describing each laboratory experiment is not possible in this type of
work. Therefore, only those believed to be of importance to analyze the effects of zinc
will be cited. There are the time between experiment start-up and zinc injection, flow
rate, oxygen and hydrogen concentrations, and particularly for PWRs, the lithium-boron
chemistry with the associated high temperature pH.
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In Chapter 2, section 2.3 was devoted to a brief description of the BWR and PWR
environments, as well as to the features of general corrosions taking place in those
conditions. An understanding of that discussion is necessary to fully appreciate this zinc
literature review.
The first section deals with zinc injection in BWRs operating under Normal Water
Chemistry (NWC), and Hydrogen Water Chemistry (HWC). Zinc injection has been a
successful process and is now a commonly used technique in BWR plants. A significant
body of research, as well as actual plant data exists on zinc in BWR systems, and will be
described in this section. Regarding cobalt-60 build-up, only the zinc effect on stainless
steel will be looked at, because it is the most used and extensively studied alloy in a
BWR. The available data dealing with'the effect of zinc on fuel will also be described,
for the phenomenon is of concern for zinc injection in PWRs. The model developed to
explain the cobalt-60 build-up mitigation due to ionic zinc, presented at the end of this
section, has not been fully accepted.
Zinc injection in PWRs is a new technology that is still at the laboratory stage (in-
plant test has just been completed [2] but data has not been available), and is the object of
the third section of this chapter. As opposed to BWRs, the beneficial effect of zinc on the
cobalt-60 build-up (i.e., the consequence of the three phenomena previously mentioned)
is still not established. Experiments dealing with two types of alloys will be looked at:
stainless steels, and Inconel alloys. Inconel alloys, used in steam generators, are by far
the most used alloy in a PWR primary system, and the studies on stainless steel make
possible comparisons of the zinc effects between BWR and PWR environments. An in-
reactor test in a PWR simulation loop has been carried-out at the MITR-II research
reactor. It is not discussed in this literature review but is thoroughly analyzed in Chapter
4.
3.2. A WELL STUDIED CASE: ZINC INJECTION IN BWRS
The benefit of adding zinc to the BWR primary system as a method of reducing
primary system radiation build-up was first hypothesized in 1983. This effect was
noticed after the classification of U.S. plants according to their condenser materials and
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condensate system types that yielded different concentrations of zinc in the coolant.
Because of the design combination of brass condenser tubes with a powdered resin
condensate polishing system, some plants were known to have a continuous level of 5 to
15 ppb ionic zinc in the reactor water [3]. As shown in Figure 3.1, this group showed
lower dose rate in comparison to plants with deep-bed deminealizers or stainless steel
condensers.
The first zinc injection system was installed in 1986 at the Hope Creek plant.
Zinc injection gave good results in the 9 plants working under Normal Water Chemistry
(NWC) where the system was set up between 1986 and 1991 (Figure 3.2) [4].
In addition to zinc concentration, the other water chemistry parameters believed to
influence the dose rate build-up in BWR plants are Ni/Fe ratio, oxygen concentration and
pH [5].
In this survey, we will need to differentiate different chemistries used in BWRs,
both described in Chapter 2: Normal Water Chemistry (NWC), and Hydrogen Water
Chemistry (HWC), that is to say the injection of hydrogen in the feed-water to provide a
reducing environment in the recirculation piping and some other parts of the primary
system. HWC has been implemented at many BWRs to mitigate the problem of
intergranular stress corrosion cracking (IGSCC). As pointed out in reference [4],
significant increases in general dose rates and localized hot spots have occurred in many
of the US BWRs implementing HWC. This is thought to be due to the change of the
thermodynamically stable form of iron based oxides from the Me203 to the Me304 form
[6]. Therefore, it is hard to assess the effect of zinc injection when it is implemented in
conjunction with hydrogen injection.
In all the experiments that have been studied for zinc injection in simulated BWR
environments, the pH is not specified. Indeed, the extremely low conductivity of the
BWR water makes pH measurement extremely difficult to carry out. An introduction to
this issue can be found in reference [7]. According to reference [6], the pH at high
temperature of the reactor water of a BWR is around 5.6. Finally, it should be kept in
mind that the out-of-pile experiments are free of radiolysis products such as hydrogen
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Figure 3.1 - BWR radiation behavior for generic plants when sorted by condenser materials
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peroxide, even though, in some of them, hydrogen is injected at 10 - 50 ppb (which is the
assumed amount of hydrogen formed from the water radiolysis process in core ).
3.2.1. Effect of zinc on oxide film growth
As previously explained, the oxide film that develops on tubing is one of the keys
to radiation dose build-up. It must be emphasized that most of the zinc injections in out-
of-pile experiments have been performed on tubing with no pre-existing oxide films
whereas operating plants where zinc injection was implemented had, in general, a well
developed oxide that grew in a zinc-free environment, or had been decontaminated
immediately prior to zinc injection. Finally, the conductivity at room temperature will be
denoted It in the following work.
3.2.1.1. Effect of zinc on fresh stainless steel
* Ref [8]: L. Niedrach and W. Stoddard - General Electric - USA - 1986
304 SS coupons exposed for 300 hours- T=285"C - NWC: 200 ppb 02 - Flow rate = 12
I/h in a 1-liter autoclave - zinc was introduced as a chloride.
With 10 and 100 ppb of zinc in the coolant a much less oxidized material is
obtained as revealed by the pictures in Figure 3.3. The oxide film morphologies are
different ; a very tight structure of the outer layer is observed instead of the usual open
structure. The film thickness with 100 ppb of zinc is less than the one found with 10 ppb
(only qualitative information is given).
With a concentration less than 1 ppb, no effect on the oxide layer structure and thickness
was detected. The thickness was tens times smaller in the case where Zn concentration is
greater than 10 ppb.
* Ref [1] : D. Lister - Chalk River Nuclear Laboratories - Canada - 1988
304 SS coupons - T=280'C - NWC: 100-200 ppb 02, 25 ppb H2, 1u=0.9 pS/cm - Flow
rate = 69 1/h - Source of zinc: Brass turnings in an upstream autoclave.
An injection of 100 ppb leads to a thinner and more protective film in comparison
to the one obtained in a zinc-free environment (Figure 3.4). If the zinc injection is
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Figure 3.3 - SEM micrographs of samples exposed to different levels of zinc for 300
hours: (a) no added zinc, (b) 0.1 ppb added zinc, (c) 1.0 ppb added zinc, (d) 10 ppb added
zinc [8].
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Figure 3.4 - Effect of zinc in BWR coolant on oxide films on stainless steel [I].
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Figure 3.5.a - SEM photographs of stainless steel after exposures to zinc environment
(phase 1), zinc-free environment (phase 2), and zinc environment (phase 3) (each phase is
462 hours long) [1].
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Figure 3.5.b - SEM photographs of stainless steel after exposures to zinc-free environment
(phase 1), zinc environment (phase 2), and zinc-free environment (phase 3) (each phase is
462 hours long) [1].
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stopped, the film growth is still much slower than if zinc had not been introduced
previously (3 times). The SEM pictures confirm these results (Figure 3.5).
* Ref [9] : W. Marble and C. Wood - General Electric - USA - 1985
304 SS tubing - T=280"C - NWC: 200 ppb 02 , 1<0.1 pS/cm, 0.05 pCi of soluble Co-60
- Flow rate = 132 l/h( 6 cm/s). Source of zinc: unknown.
Figure 3.6 shows oxide thicknesses after 300-hour-long exposures for different
zinc concentrations. With 10 ppb of Zn, the oxide thickness is reduced by a factor of 6
after 300 hours. The thicknesses are slightly different at 10 and 100 ppb.
The coupons first exposed to zinc coolant had virtually no increase of their film
thickness in a zinc-free environment (Figure 3.7).
* Ref [10] : M. Haginuma, et al. - Japan - 1994
304 SS coupons - T=288°C - HWC: I ppm H2, and water purged using hydrogen and/or
argon (02 presumably below 10 ppb) - Flow rate = 0.6 l/h (autoclave volume = 0.6 1).
Ionic zinc source: dissolved powder of zinc oxide. Two identical loops were used: One
cobalt-free, the other one containing 3 ppb of cobalt.
Figure 3.8 shows that the total corrosion loss during 1,000 hours exposure
decreased with the zinc injection, independent of cobalt addition. A similar tendency was
observed for the amount of corrosion film found in reference [8] (same kind of curve). It
also reveals that the presence of cobalt in the coolant gives a thinner and more protective
film. This supports the idea that zinc and cobalt behave in the same way and that zinc
could substitute for cobalt in growing film.
3.2.1.2. Effect of zinc on established film
* Ref [1] : D. Lister - Chalk River Nuclear Laboratories - Canada - 1988
304 SS coupons - T=2800C - NWC: 100-200 ppb 02, 25 ppb H2, p=0.9 pS/cm - Flow
rate = 69 1/h - Source of zinc: Brass turnings in an upstream autoclave.
Addition of zinc (100 ppb), after a few hundred hours in zinc-free environment,
had a less significant effect than when it is carried out on fresh metal. However, the
oxide growth seems to slow down as shown on Figure 3.4. Figure 3.5 shows that the
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Figure 3.8 - Total corrosion loss as a
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tight outer layer structure is no longer observed when zinc is injected after exposure in
zinc-free environments.
Ref [3]/[11] : W. J. Marble and C. Wood - General Electric - USA - 1986
T = 285"C - NWC: 150-200 ppb 02
An interesting test was carried-out on a specimen (material not mentioned but
presumably 304 SS) from actual BWR piping which had seen more than 10 years service
in an operating plant. The plant did not have zinc routinely in its reactor water. The
specimen was first exposed to water under zinc-free NWC environment for 166 hours
prior to zinc injection. An exposure of 1000 hours at BWR conditions with 15 ppb of
zinc and 0.15 ppb of cobalt was performed. It was noticed that zinc was significantly
incorporated in the oxide film, which was accompanied by a decrease of the amount of
oxide on the specimen (only this qualitative statement was made).
3.2.1.3. Conclusion
On fresh metal, injection of zinc has a significant effect on oxide growth and
structure. The outer layer open structure is supplanted by a very tight one in NWC. A
more significant reduction of oxide thickness is observed in going from 0 to 10 ppb of
zinc than that for 10 ppb to 100 ppb. However, if we assume that the film thickness and
corrosion weight are proportional, the beneficial effect is larger under NWC (reduction
by a factor of 6 with 10 ppb of zinc for 300 hours) than under HWC (less than a factor 2
after 1000 hours with 5 ppb).
If zinc is injected in a system where a zinc-free oxide film is established, then the
effect of the injection still seems to be beneficial, even though to a lesser extent, and does
not lead to radical changes of the oxide film structure. Presumably, a very important
factor here is the ratio (time with zinc in the coolant / (time of zinc-free pre-exposure).
It is possible that the beneficial effect of zinc injection with established oxide film
increases with this ratio.
The very protective property of oxides formed with zinc seems to be maintained
when zinc injection is stopped. However, it may be that this protective property could
degrade with time of zinc-free water exposure. However, if the reaction product formed
with zinc is insoluble, the protective property should remain.
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3.2.2. Corrosion release
Elemental release depends, first, on the corrosion rate, but it is also a function of
the propensity of the element to be trapped in the oxide when leaving the corroded base
metal. In other words, it depends upon the propensity of the oxide film to incorporate the
element as well as upon the thickness of the film.
3.2.2.1. Effect of zinc on fresh stainless steel
* Ref [1]/[12] : D. Lister - Chalk River Nuclear Laboratories - Canada - 1988
304 SS non-precorroded coupons were neutron-activated - T=280"C - NWC: 100-200
ppb 02, 25 ppb H2, gu=0.9 pS/cm - Flow rate = 69 1/h - Source of zinc: Brass turnings
from an upstream autoclave. Elemental release is monitored in collecting the
radioelements downstream on magnetite beds.
To quantify the propensity for an element to be released from the base metal,
Lister defined for each element of interest what he called the "equivalent penetration".
The equivalent penetration is the cumulative elemental release (unit mass) collected
downstream, normalized by the concentration of the element in the alloy (unit mass per
unit volume). It is a quantity which can be regarded as the depth of the alloy that
contains the measured amount of element released per unit area of the coupon.
Under BWR conditions, cobalt is released in preference to other elements from
stainless steel. This is still the case with zinc in the coolant. The release of cobalt, iron
and nickel with zinc is lower than in the case of zinc-free coolant (Figure 3.9), but only
because the film is thinner. Actually, virtually all the cobalt available in the corroded
metal was released to the coolant, and most of the iron and chromium in the corroded
metal were retained in the oxide. The ratio of equivalent penetration to film growth for
cobalt is actually larger when zinc is present in the coolant (- 2-3 times higher), which
means that the propensity to release cobalt is 2-3 times larger with zinc than with a zinc-
free environment (Table 3.1).
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Figure 3.9.a - Normalized elemental releases from SS
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Figure 3.9.b - Normalized elemental releases from SS
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Figure 3.9 - Effect of zinc on normalized elemental releases from stainless steel [1].
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Equivalent Penetration (um)
Phase 1 Phase 2 Phase 3
Test Section 1
Co Release
Film Growth
Ratio*
Test Section 2
Co Release
Film Growth
Ratio*
(zinc)
0.013
0.011
1.2**
(zinc-free)
0.034
0.069
0.49
(zinc-free)
0.017
0.023
0.74
(zinc)
0.050
0.109
0.46
(zinc)
0.020
0.021
0.95
(zinc-free)
0.057
0.183
0.31
* the ratio indicates the proportion of the
element in the corroded metal available for
release
** greater than unity probably because of
uncertainties in film thickness measurement
Table 3.1 - Equivalent alloy penetrations for cobalt release and oxide film growth [1].
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Figure 3.10 - Cobalt incorporation into
'old' films with latent cobalt capacity [11].
Figure 3.11 - Zinc effect on cobalt
incorporation [ 11].
122
COUP•IqUPEO 10o eo0IMCOTMI I000I Os
I I I I I I I
c~r~aor~uowrrru-- ---- ·1~I
Figure 3.9 also shows that zinc injection following operation without zinc does
not change the slope of the cobalt cumulative release curve, but that a strong effect on
chromium-release is observed.
3.2.2.2. Effect of zinc on established film
* Ref [3]/[11] : W. J. Marble and C. Wood - General Electric - USA - 1986
T = 285"C - NWC: 150-200 ppb 02
During the experiment described in section 3.2.1.2., the amount of Co-60 present
in the sample oxide decreases with time in the same proportion as the oxide film. The
Co-60 present in the sample had been accumulated for the 10 years of exposure of the
sample in an actual plant. In this experiment, 0.15 ppb of cobalt-60 was also injected.
3.2.2.3. Conclusion
The oxide formed in a zinc-containing coolant tends to let cobalt escape into the
water much more readily than the zinc-free oxide, and traps chromium and nickel.
However, because the corrosion rate is reduced, the total cobalt release is mitigated.
3.2.3. Cobalt-60 pick-up
* Ref [9] : W. Marble and C. Wood - General Electric - USA - 1985
T=2800C - NWC: 200 ppb 02, jt<0.1 pS/cm- Flow rate = 132 l/h( 6 cm/s). Source of
zinc: unknown.
Test : 304 SS zinc pretreated plate coupons put into zinc-free coolant, containing
0.05uCi/l of soluble Co-60. The aim of this test was to measure the capacity of a film
formed with ionic zinc and no cobalt in the coolant to absorb Co-60.
Figure 3.10 clearly shows that the coupons, both zinc treated and non-zinc treated,
incorporated cobalt into the film that was created in the prefilming process and that the
zinc-doped oxide has a greater capacity for cobalt than does a non-zinc film. This effect
is shown more clearly in Figure 3.11, where the oxide film cobalt concentration, after
1000 hours of exposure to cobalt, is plotted against the oxide zinc concentration.
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3.2.4. Cobalt-60 build-up (interaction of both oxide film growth and Co-60
pick-up)
3.2.4.1. Experimental data (fresh metal)
* Ref [111/[3] : W. J. Marble and C. Wood - General Electric - USA - 1986
Specimens 304 SS and 316 SS tubes - T=280"C - NWC: 200 ppb 02, p<0.1 pS/cm, Co-
60: 0.06yCi/ - Flow rate = 6 cm/s
Test #1: In the same conditions as above, samples were exposed to 10-15 ppb of zinc for
0, 500, and 2000 hours.
Figure 3.12 shows that in each case, the Co-60 buildup was accelerated in the
water containing no ionic zinc. Further, the degree to which this acceleration occurred
decreased with the length of prior exposure to zinc. It seems likely that the zinc-
containing film became more stable with 2000 hours exposure compared to 500 hours
exposure. Another significant observation is that the 316SS was impacted more by the
absence of zinc than 304SS, but even its performance was greatly improved following the
2000-hour pre-exposure to zinc.
This result confirms that pretreatment/temporary exposure to ionic zinc is
insufficient to maintain the benefits over the long term, as found in reference [9]. The
benefit of zinc requires the constant maintenance of an ionic zinc concentration in the
coolant water of a BWR.
Test #2: Build-up comparison with no zinc and a continuous presence of 10-15 ppb of
zinc under NWC (see previous specifications) and HWC (100 ppb H2, 15 ppb 02)
After 2000 hours, the Co-60 buildup with ionic zinc present was a factor of 3.5
lower on the 304SS samples and a factor 6.5 lower on the 316SS samples (Figure 3.13).
With zinc addition under HWC, the radiation buildup benefit is a factor of approximately
20 for both 304SS and 316 SS.
124
0 1000 2000 3000
EXPOSURE TIME (hrsl
Figure 3.12.a - Effect of zinc treatment followed by exposure to water with no zinc -
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Figure 3.12 - Effect of zinc treatment followed by exposure to water with no zinc on Co-60
buildup [3].
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* Ref [10] : M. Haginuma, et al. - Japan - 1994
304 SS coupons - T=288"C - HWC: 1 ppm H2, and water purged using hydrogen and/or
argon (02 presumably below 10 ppb) - Flow rate = 0.6 /h (autoclave volume = 0.6 1).
Ionic zinc source: dissolved powder of zinc oxide. Two identical loops were used: One
cobalt-free, the other one containing 3 ppb of cobalt.
The amount of cobalt accumulated in the corrosion film is given in Figure 3.14
together with the dependence on zinc concentration. The effect of the zinc injection was
not apparent at 190 hours, but thereafter became increasingly obvious ; the cobalt
accumulation was reduced by half after 500 hours exposure, and by a factor of -2.6 after
1000 exposure at 5 ppb.
Interestingly, the addition of 5 ppb zinc seems to be more effective than 50 ppb,
over 70% of the cobalt accumulated in the corrosion film was contained in the outer
layer, and the concentration of cobalt was never less in the cases where zinc was injected
than in a zinc-free environment.
3.2.4.2. Conclusion
The cobalt-60 buildup studied in these experiments involved two of the three
phenomena that have to be taken into account in an actual plant: oxide film growth , or
corrosion rate, and the incorporation of Co-60 into the film. The third parameter is the
cobalt release from the corrosion of the metal, which affects the concentration of the
activated cobalt-60 in the reactor water.
Let us first consider the NWC case. In the previous section, it was shown that the
film growing in the presence of ionic zinc has a greater propensity to absorb Co-60.
However, it seems that when zinc is present in the water, it tends to compete with Co-60
for incorporation. Therefore, the Co-60 pick-up is lowered when zinc is present, but we
do not know to what extent, and it may be that the cobalt concentration in the zinc-
containing film is still higher than in zinc-free films (in the range of 5-15 ppb of zinc).
However, since the film formed with zinc is significantly thinner, all the experimental
data showed that the overall Co-60 build-up is significantly mitigated when zinc is
continuously present in a range as low as 5-15 ppb.
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Figure 3.13 - Benefit of continuous zinc injection on Co-60 buildup [3].
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Figure 3.14 - Cobalt accumulation in corrosion film as a function of exposure time [10].
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In HWC, zinc injection seems even more beneficial on the overall cobalt-60
build-up (reduction factor of 20 after 2000 hours with 10 - 15 ppb of zinc). In the
reducing environment of the experiment displayed by reference [10], the zinc injection
was also beneficial but to a lesser extent (reduction factor of 2.6 after 1000 hours with 5
ppb, and less with 50 ppb). Moreover, the cobalt concentration in the film seemed to be
higher with 5 or 50 ppb of zinc in the water than in a zinc-free coolant.
3.2.5. Oxide elemental profiles
Looking at the effect of zinc on the elemental distribution in the oxide films is a
necessary basis for an understanding of the mechanisms of zinc effects on oxidation and
release phenomena.
* Ref [1] : D. Lister - Chalk River Nuclear Laboratories - Canada - 1988
304 SS non-precorroded coupons were neutron-activated - T=280"C - NWC: 100-200
ppb 02, 25 ppb H2, pl=0.9 pS/cm - Flow rate = 69 1/h - Source of zinc: Brass turnings
from an upstream autoclave.
Figure 3.15 presents the AES profile through the oxide films from TS 1 after the
phase 1 exposure (with 100 ppb zinc) and after a further phase 2 exposure (without zinc).
It indicates that the zinc concentrated at the outside of the film during phase 1 and tended
to leach out to a more uniform but low level during phase 2. It should be noticed that
copper was not found in any of the profiles as a constituent of the indigenous oxide films,
but only as the discrete, and usually relatively large, crystals on the outside surface.
In TS2, the stainless steel oxide formed during the phase 1 exposure without zinc
was somewhat depleted in iron (or, alternatively enriched in chromium and nickel)
relative to the base metal. The phase 2 exposure to zinc-containing coolant added zinc to
the outside of the film which was considerably thickened.
* Ref [8] : L. Niedrach and W. Stoddard - General Electric - USA - 1986
304 SS coupons exposed for 300 hours- T=285 C -NWC: 200 ppb 02 -Flow rate = 12
1/h in a 1-liter autoclave -zinc was introduced as a chloride.
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Figure 3.15.a - Auger profiles through oxide on stainless steel in test section 1.
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Figure 3.15.b - Auger profiles through oxide on stainless steel in test section 2.
Figure 3.15 - Auger profiles through oxide on stainless steel after zinc exposure [1].
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The depth profile for a polished sample exposed to different zinc concentrations
for 300 hours (Figure 3.16), emphasizes that a variation in composition occurs across the
films. Clearly, chromium tends to concentrate in the inner region adjacent to the metal
(inner layer). The portion closer to the water is low in chromium and richer in zinc. This
was also found in reference [1].
e Ref [10] : M. Haginuma, et al. - Japan - 1994
304 SS coupons - T=288'C - HWC: I ppm H2, and water purged using hydrogen and/or
argon (02 presumably below 10 ppb) - Flow rate = 0.6 /h (autoclave volume = 0.6 1).
Ionic zinc source: dissolved powder of zinc oxide. Two identical loops were used: One
cobalt-free, the other one containing 3 ppb of cobalt.
The distribution of each element clearly indicates a bi-layer structure consisting of
an iron-rich outer layer and a chromium-rich inner layer (Figure 3.17). The cobalt
distribution curve has a peak at the boundary between the inner and outer layers
irrespective of zinc addition. In the case of no cobalt addition, the cobalt concentration in
the corrosion film was very low, thus we are sure that the high cobalt concentration in the
corrosion film arose from the cobalt-containing water.
The zinc distribution also has a peak at the boundary between the inner and outer
layers. Figure 3.18 shows depth profiles of the cobalt and zinc concentration in the
corrosion film of specimens exposed to water with 50 ppb zinc. The depth profiles of
both cobalt and zinc in the corroding surface proceeds are similar. The gradual increase
in concentrations of cobalt and zinc with time in the film suggests that cobalt and zinc
accumulation occurs not only during the initial phase of the corrosion process, but also
through the surface adsorption of cobalt and subsequent diffusion into the oxide lattice
after the film has formed.
The accumulation behavior of zinc and cobalt thus seems to be similar, and no
inverse relationship was observed between the concentration of zinc and cobalt in the
corrosion films.
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Figure 3.16 - Auger depth profile for a polished sample exposed to 10 ppb zinc for 300
hours [8].
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Figure 3.17 - GDS depth profile of SS specimens after 1,000 hours of exposure [10].
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3.2.6. Experience of zinc injection in actual BWR plants
3.2.6.1. Radiation build-up on out-of-core piping
As opposed to laboratory tests, where the different parameters responsible for
radiation build-up (corrosion rate, corrosion release, cobalt-60 pickup) can be monitored
independently, plant measurements generally report only dose rate measurements or
activity concentrations for piping and coolant from piping and reactor water. Reference
[13] is the most up-to-date EPRI reference giving actual plant measurements that is
available.
*Under Normal Water Chemistry:
Figure 3.19 shows the beneficial effect of zinc injection on radiation build-up on
out-of-core piping from actual plant operating with NWC, maintaining a constant level of
zinc concentration (in reactors without natural zinc in the feedwater). The
decontamination process of a primary system consists of the use of chemicals that are
expected to be efficient enough to dissolve the outer layer of the oxide film. Therefore,
the zinc can have an impact directly on the inner layer.
An important reason for this beneficial effect, that was not considered initially,
and not simulated in any laboratory experiment, is the decrease of Co-60 concentrations
in reactor water. A factor of 2-3 reduction in soluble Co-60 has been observed as shown
in Figure 3.20. According to reference [13], this effect of zinc addition is probably
equally beneficial for the control of radiation field build-up on out-of-core piping as
reduced corrosion rate and competition for reaction sites. Marble [4] mentions two
possible factors explaining this phenomenon. First, zinc reduces the release of soluble
cations from materials of construction. This means that the in-core materials which
contain activated cobalt will have lower release rates to the reactor water. The second
potential factor is that zinc could have a similar effect on the iron-based deposited crud
on the fuel cladding. If this, it suppresses the release of Co-60 from the fuel deposit.
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Figure 3.19 - Comparison of radiation buildup before and after zinc addition [13].
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Figure 3.20 - Reactor water Co-60 reduction due to zinc injection [13].
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*Under Hydrogen Water Chemistry:
Reference [4], released in 1991, reveals data regarding zinc injection for 2 plants
working under HWC. The first plant implemented HWC during fuel cycle 13, and
zincinjection was added at the beginning of fuel cycle 14. Figure 3.21 shows the impact
of these two chemistry changes on the radiation build-up. At the time that HWC began,
the dose rates on the recirculation system piping started to increase in an apparently linear
manner. This dose increase due to the switching from NWC to HWC is believed to be
due to a change in the oxide structure [13]. The hematite structure of the oxide formed
under NWC environment is transformed to a spinel structure under HWC. As this
transition occurs, some fraction of the oxide is released to the reactor water. Transport
and deposition of insoluble isotopes are believed to be responsible for most of the
increased dose rates. At the end of cycle 13, the piping was decontaminated. With both
HWC and zinc addition operating, dose rates increased rapidly, followed by a small
change up in dose rates between the mid-cycle measurements. The jump at the beginning
of the cycle was interpreted by Marble to be the result of insoluble deposition.
Figure 3.22 [4], shows radiation build-up for a plant with decontaminated piping,
starting its new cycle with HWC and zinc addition. The dose rates for the full cycle were
low, but higher than anticipated based on laboratory tests. This plant also experienced
insoluble Co-60 transients, which are believed to be the reason for these higher than
expected dose rates.
3.2.6.2. Activation of zinc
The presence of Zn-65 is a negative side effect of zinc injection, particularly in
high iron input plants, which is due to the adsorption of zinc by the iron-based crud
deposited on the fuel [14] (naturally occurring zinc contains 48% of Zn-64, the precursor
for Zn-65). Reference [4] reveals a strong influence of iron input in reactor water on zinc
consumption and Zn-65 formation for BWRs working under NWC. Extensive plant data
indicates that the problems experienced with Zn-65 are generally proportional to the iron
input of the plant. An iron concentration lower than 2 ppb was therefore recommended
when implementing zinc addition in BWRs [4].
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Figure 3.21 - Radiation buildup at the Plant "A" reactor [4].
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Figure 3.22 - Radiation buildup at the Plant "C" reactor [4].
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3.2.6.3. Effect of zinc on fuel
*Under Normal Water Chemistry:
Reference [13] deals with a fuel surveillance program that was conducted at Hope
Creek for three cycles of operation with the zinc addition (range of 5-10 ppb). Figure
3.23 shows the results of the oxide thickness measurements. All the data are within the
performance envelope without any zinc additions indicating that there was no
fundamental change in the Zircaloy corrosion mechanism. One of the effects of the zinc
additions is the tendency to form some (Fe,Zn)304 spinel instead of the typical Fe203.
This type of spinel is more adherent to the Zircaloy cladding. Characterization of the
deposited crud showed that, with zinc, 20-30% of the deposited iron oxide in the crud
exists as an iron-zinc spinel. Figure 3.23 shows that this change in structure of some of
the deposited crud did not have any effect on the corrosion of the Zircaloy. Between
1989 and 1993, a total of 8 plants using NWC had injected zinc with no associated fuel
problems.
*Under Hydrogen Water Chemistry:
In 1993, five plants were injecting both hydrogen and zinc, and no adverse fuel
consequences had been identified. Fuel was examined after one cycle of injection of both
zinc and hydrogen at Hatch-2 and good corrosion performance was verified [15].
3.2.7. Assumed mechanisms
The mechanism proposed to explain the tight outer oxide layer structure
developed with zinc in the coolant under NWC is based on the point defect model for an
anodic passive film. It has been developed by C. Chao et al. [16] (TO DESCRIBE), and
is said to be in good agreement with experimental facts. Marble and Wood also
developed the idea of competition between zinc and cobalt for incorporation in the film.
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* Ref [3]/[11]: W. J. Marble and C. Wood - General Electric - USA - 1986
* Observation overview:
Environmental conditions such as NWC/HWC, Zn/no-Zn, 304SS/316SS are
believed to determine the relative fractions of hematite and spinel, as well as the cobalt
concentration, in the oxide film. The model is based on observations and data obtained
from both loop tests and studies of operating plant experience as summarized below:
1. Zinc acts to drive any oxide forming on stainless steel toward a higher spinel fraction
than it would be without zinc.
2. Zinc forms a spinel which is more protective to the stainless steel base metal than the
spinels formed by other divalent cations commonly found in the BWR.
3. Zinc and cobalt compete for the same lattice sites in the sense of ion exchange
equilibrium. Thus, when zinc is present in the reactor water at 5 to 15 ppb and cobalt is
present at -0.1 ppb, the zinc suppresses the concentration of cobalt in the oxide.
4. Hydrogen water chemistry environments, which are reducing, favor the formation of
spinel and lower the oxidation potential of the water by reducing the dissolved oxygen
concentration. This results in thinner films which have higher cobalt concentrations,
assuming no zinc is present. If zinc is present, under HWC conditions, the resulting film
is extremely thin and zinc dominates the divalent crystal sites and very little Co-60
buildup results.
* Assumed mechanisms:
The specific question not addressed in the above discussion is why zinc is more
effective at forming a protective oxide than any of the other ions commonly found in
BWR reactor water. There seems to be general agreement that the defect structure of the
oxide plays a major role. Metal oxides are known to be non-stoichiometric. Some oxides
have fewer cations present than would be indicated by the common chemical formula,
and others have more cations present.
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In the case where the oxide is cation deficient, defects in the crystal lattice
(vacancies) allow cations to migrate relatively readily. This migration of cations plays a
key role in the formation of new cations at the metal interface, and thus, the continuation
of the corrosion process. Iron, nickel and cobalt all form oxides of this type [17].
Zinc, on the other hand, forms an oxide which has more cations than would be
predicted by the chemical formula [17]. As such, when zinc is present in a mixed-metal
oxide it is entirely plausible that the excess of zinc ions migrate to the normally vacant
defects. The resulting oxide is essentially stoichiometric, is highly protective to the base
metal, and drastically limits subsequent corrosion.
This hypothesis can be simplistically represented by Figure 3.24. In the case of
the normal magnetite crystal structure, the cation defects at normal lattice sites allow
cation mobility, or diffusion, under the influence of the electric field caused by the
corrosion potential, such that the oxidation process can be sustained. The hypothesis
suggests that the defects may be filled by excess zinc ions and thereby greatly reduce the
mobility of the cations and thus the capacity for continued oxidation.
This understanding of the effect of zinc on the oxide film is further developed by
Niedrach and Stoddard.
* Ref [8] : L. Niedrach and W. Stoddard - General Electric -USA - 1986
Since the zinc is incorporated in the film from solution and is associated only with
the outer layer of the corrosion film, it would appear that it is this layer that is involved in
controlling the corrosion rate. An important factor seems to be the promotion of a dense,
tight growth of crystals in place of the open structure obtained in the absence of zinc,
thereby hindering ion transport across the film.
During corrosion, the inner film is in contact with the metal surface under
conditions that are strongly reducing regardless of the water chemistry. The outer surface
is in contact with water containing around 200 ppb dissolved oxygen, which is
sufficiently oxidizing for Fe203 to be stable. Under these conditions, it is most likely
that a gradient of oxidation states will occur across the corrosion film. In this connection,
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it is important to note that Fe203 can exist in both the stable hematite form (a-Fe203)
and the metastable maghemite form (y -Fe203). The latter exhibits a cubic crystalline
structure almost identical to that of the spinel structure of magnetite and substituted
magnetites. To maintain charge balance in the Y-Fe203, vacancies replace some of the
sites occupied by ferrous ions in the reduced form. Such vacancies could result in
enhanced transport rates of ions through the film, thereby facilitating corrosion.
If, on the other hand, the film were to become enriched in divalent ions of metals
having no other stable valence states (e.g. zinc), the formation of cation vacancies would
be inhibited. Depending on the extent of the substitution of stable divalent cations (such
as zinc) for the ferrous ion in magnetite, the number of cation vacancies under the
oxidizing conditions can vary from a maximum proportion of 0.33 in y-Fe203 to zero in
a substituted magnetite (such as zinc ferrite) when no oxidation can occur. The greater
the extent of this type of substitution, the better the inhibition of the corrosion of the steel.
3.2.8. Conclusion regarding BWR experience
In the above sections I have described some of the numerous experiments
simulating the BWR primary system and carried out to provide a better understanding of
the zinc effect on corrosion release, oxide film growth and Co-60 pick-up. Out-of-pile
loop tests allow the independent study of corrosion release and build-up. However, both
of these processes are strongly dependent on oxide film growth.
The overall result of zinc injection in systems that have never been exposed to a
zinc-free environment is excellent. Oxide film growth, cobalt release, and Co-60 buildup
are all mitigated. This effect arises from the interplay of competing factors. The oxide
formed in a zinc-containing coolant has a greater propensity to let cobalt escape into the
coolant and to incorporate Co-60. On the other hand, the film is thinner and more
protective, and thus limits the possibility of elemental release and radionuclide
incorporation. Moreover, the presence of enough zinc in the coolant (-5-10 ppb) in
comparison to the Co-60 concentration (-0.1 ppb) strongly reduces the incorporation of
the latter into the film. This is explained by the competition between zinc and cobalt for
incorporating into the oxide film [8]-[9]-[ 11]. However, Co-60 incorporation might still
be higher than in a zinc-free oxide film.
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Plant experience has shown, at least in BWRs operating under NWC, that zinc
injection leads to a reduction of dissolved Co-60 in the reactor water. This phenomenon
was not taken into account in laboratory tests, and is another significant source of Co-60
buildup reduction in actual BWR plants that implemented zinc injection.
All the results discussed above are for stainless steel. Lister [12] showed that zinc
also yields thinner and (presumably) more protective films on Inconel-600 and Stellite-6.
Clearly, good results have also been found when zinc is injected in
decontaminated BWR plant primary systems. A tendency toward reduced radiation field
is also observed for plants which have not been decontaminated, although more data are
needed to substantiate this effect.
The effect of zinc injection in plants with a zinc-free oxide film already formed in
place on the piping has rarely been studied. Lister, who studied a simulation of this case,
predicted little beneficial effect concerning film growth rate and cobalt release reductions.
However, the oxide film structure on plant piping after decontamination does not have
the same bi-layer structure of old and established film. Another possibility could be the
long term effect of late zinc injection on corrosion release and film growth rate.
Similar results have been found in the HWC environment. No experiment has
studied the propensity of a film formed under HWC to incorporate Co-60. However,
oxide thickness and Co-60 buildup have been shown to be significantly mitigated. In
actual BWR plants, the only available data regarding zinc injection describe the radiation
buildup change only when both HWC and zinc injection are implemented. Obviously,
this makes more uncertain any interpretation about the effect of zinc in actual plants
working under HWC. However, the first results seemed to be encouraging.
According to reference [10], in a reducing environment (1 ppm H2), the only and
sufficient effect of zinc in reducing Co-60 build-up under HWC is the oxide growth rate
mitigation. Indeed, cobalt-60 was found in higher concentration in zinc-rich oxide films
than in those developed in a zinc-free environment. Finally, it has to noticed that the
amplitude of the reductions (oxide growth and Co-60 buildup) are significantly lower
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than in a less reducing environment (100 ppb H2, 15 ppb 02). The water chemistry used
in reference [10] is similar to PWR environments, except that lithium and boron are not
present. It seems reasonable to extrapolate this information to zinc injection in PWR
environments.
3.3. ZINC INJECTION IN PWRS
Unlike the BWR case, mostly laboratory experiments have been carried out to
study the effect of zinc injection on radiation buildup in the primary system of a PWR.
The first zinc injection in an actual plant, Farley-2, was recently completed. The
corresponding report [2] is not publicly available. The results were reported to be
promising in a less detailed paper [18].
The two metals that will be considered here are stainless steels and Inconel
alloys. Together they comprise most of the non-fuel primary system of a PWR, although
Inconel predominates. The results regarding 304SS are interesting since they allow a
direct comparison with the numerous experiments simulating BWRs and using this
material. All the laboratory experiments used fresh metal, and did not study the effect of
zinc injection on established films.
3.3.1. Expectations for zinc injection in PWR primary system
The idea of zinc injection in PWR primary systems was raised following the
successful results obtained in BWRs and one possible motivation was given by Lister
[19]:
Oxide films on stainless steel surfaces in the oxidizing environment of BWR
coolant generally comprise two components - a spinel-type oxide with the structure of
magnetite, Fe304, and a corundum-type oxide with the structure of haematite, Fe203.
The latter can not readily accommodate divalent cations, but since the spinels are
usually deficient in metal ions, they can accommodate zinc ions in cation vacancies
thereby impeding the diffusion processes that are responsible for corrosion. Spinel films
grown in the presence of zinc are consequently thinner and more protective and contain
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fewer sites for harboring cobalt. Moreover, zinc in the coolant competes with cobalt for
occupancy of surface sites - the initial step in the process of incorporation in the oxide
lattice; at the level of afew ug/kg, zinc will effectively swamp the incorporation of cobalt
which is generally at the ng/kg level. Since a dramatic effect of zinc on the properties of
spinel oxide in BWRs has been clearly demonstrated, and since the oxide films in PWRs
are mostly of the spinel type, it follows that zinc should have a beneficial effect in PWRs,
too.
However, the oxidizing species are not the same as in BWRs, and the general
corrosion rate is significantly lower than in BWRs. Therefore, zinc might not have an
effect as large on oxide film growth. We saw in the previous section that the main reason
for radiation dose reduction was corrosion mitigation. Consequently, the successful of
ionic zinc on contamination has not been taken for granted.
3.3.2. Effect of zinc on oxide film
3.3.2.1. Experimental results
* Ref [19] : D. Lister and M. Godin - Chalk River Laboratories - Canada - 1990
Test: Once-through loop at 290"C- Flow rate = 78 1 / h - Coordinated B/Li with
pH(300°C) between 6.9 and 7.0 for -1000 hours (starting at 1167 ppm B, 2.45 ppm Li),
then for 500 hours increase up to 7.4 where pH remained for the last 500 hours (0 ppm
B, 0.74 ppm Li) - 6.5-17 ppb of zinc. from brass turnings (<2.5 ppb Cu) - 02
concentration lower than 40 ppb, 18 cm3/kg H2, 2.17-16.62 ,uCi/m 3 Co-60 - <2.5 ppb
water impurities.
Type 304 Stainless Steel coupons:
A reduction in oxide film thickness by a factor of 1.4-2.0 after 2012 hours of
exposure was measured. The modification of the oxide film is illustrated by the pictures
given in Figure 3.25. The obvious surface features caused by the 2012 hours exposure to
the normal zinc-free coolant were scattered "outer-layer" oxide crystals up to -0.8 pm in
size. The growth of outer-layer surface has been largely suppressed by the presence of
zinc in the coolant; only traces in surface depressions can be seen.
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Figure 3.25 - SEM photographs of type
coolant with and without zinc [19].
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304 SS before and after 2012 h exposure to
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Elemental profiles through the oxide film on the stainless steel exposed to normal
coolant and to zinc-containing coolant are presented in Figure 3.26. In normal coolant, a
pattern typical of a chromium rich oxide overlaid with iron- and nickel-rich crystals is
obtained, though it inust be remembered in the interpretation of the profiles that the
scattering of the outer-layer crystals is rather sparse. The oxide on the coupon exposed to
zinc-containing coolant is also depleted in chromium at the outer surface; zinc has
concentrated at the outer surface to -30 at. % of metallic elements and rapidly tails off to
the typical 3-4 at. % background level.
Inconel-600 coupons:
As indicated by Figure 3.27, the effect of zinc was to produce a thinner oxide
film, even though it is much less pronounced than for Lister's comparable measurements
under BWR chemistry.
The elemental profile of the oxide films on the Inconel-600 is presented in Figure
3.28. On both coupons, chromium is reduced at the outside surface (compared to its
concentration in the metal), consistent with the concept of a chromium-rich inner layer.
The outer, iron-rich layer on the TS2 coupon is very thin. The zinc incorporated in the
TS 1 coupon has concentrated at the outside of the oxide film (to -20 at. % of metallic
elements) and tails off to background levels at about a quarter of the oxide depth.
Figure 3.29 shows the SEM pictures of the coupons. The outer layer of the zinc
free oxide contains many "strings", often curled, up to 2 pm long and -0.2 pm thick. A
few large cubic crystals are scattered on top of the strings. The coupon exposed to zinc
does not show such an outer layer and the latter seems to be suppressed.
However, in the same report, Lister also reports oxide growth data for Inconel-
600, under very similar conditions, which revealed a negative effect of zinc on corrosion
rate. The main differences between the two runs were: the oxygen concentration (<10
ppb), the temperature (300"C), and higher impurity concentrations (<5 ppb). The
thickness measurements are displayed on Figure 3.30. Two AES measurements were
carried out (at University of Western Ohio and at Chalk River AECL) to confirm this
unexpected result. They both show the same qualitative trend despite different
quantitative measurements. These data were deemed to be anomalous by the author.
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Figure 3.26 - Elemental profiles through oxide
exposure to coolant with and without zinc [19].
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Figure 3.27 - Oxide film thickness on Inconel-600 in simulated PWR
without zinc [19].
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Figure 3.29 - SEM photographs of Inconel-600 after 2012 h exposure to coolant with and
without zinc - Phase 2 [19].
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* Ref [20] : J. N. Esposito, et al. - Westinghouse Electric Corporation - USA - 1991
Test: Coupons of various materials. Some Inconel samples were mill annealed (MA) or
thermally treated (TT) - Once-through loop, 4 -liter autoclave at 330 C, and with a flow
rate of 300 cc/h - Chemistry:1 200 ppm B, 2.2 ppm Li (pH[3000C]=6.9;
pH[330°C]=7.35) - 50 ppb of zinc from zinc borate at the inlet, and -20 ppb at the
outlet.. Hydrogen overpressure to produce 25 cc/kg of dissolved H2
The metal corrosion was calculated from the coupon weight change
measurements as follows: Total Metal Corroded = Wo - Wd
where: Wo = original sample weight
Wd = weight after descaling
The results are displayed in Table 3.2 and Figure 3.31. The oxide film was
estimated to be thickness reduced by a factor of 3 after 2500 hours of exposure for both
304SS and 316SS coupons. The Inconel samples also experienced corrosion mitigation.
The amplitude of the reduction seems to depend on the pre-treatment of the sample. The
reduction factor for these Inconel samples is in the range of 1.7-6.5.
Figure 3.32 gives the AES depth profiles for Alloy 600MA specimens exposed to
primary coolant with and without zinc. The zinc borate environment produced films with
a normalized metals-only atomic percentage of more than 10% on the surface with the
zinc being present throughout the oxide film.
* Ref [21] : W. Byers and R. Jacko - Westinghouse Science and Technology Center -
1993
Test: Materials: 304 SS, Inconel 600 and 690 - Geometry: almost flat coupons cut from
tubes - Coupons were exposed using a once-through 4-liter autoclave at 330 C-with a
flow rate varying between 100 cc/h to 400 cc/h - Chemistry: 1200 ppm B, 2.2 ppm Li
(pH[300"C]=6.9; pH[330"C]=7.35)- 20ppb of Zn. from zinc borate - 25 ml (STP)/kg of
H2, and oxygen concentration less than 5 ppb.
The environment in this case is similar to that of reference [20]. Oxide thickness
investigation was carried out using Auger Electron Spectroscopy (AES) depth profiling
techniques.
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30sS .1 33 0.1 13
31ugs 13 35 0.1 .IA
00MWA I5 2.6 03 0.8
40o"F 03 2.1 0.2 0.9
aOT 0.2 1.3 0.1 0.6
X-750 0.6 2.6 0.2 1.2
Sali 0.4 14.7 0.1 12.0
Table 3.2 - Approximate corrosion and corrosion release
(mg/dm2/mo)
rates after 3.5 months [20].
Figure 3.31 - Corrosion and metal release rates reduction upon addition of zinc borate [20].
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Type 304 SS:
After 2500 hours of exposure to water containing 20 ppb Zn, 1200 ppm B and 2.2
ppm Li, the oxide film thickness on stainless steel was reduced by a factor of almost 18.
The outermost surfaces of the oxide layers on the Inconel and stainless steel were
analyzed ( the top 1.5 to 2 nm of the surface) using ESCA (Electron Spectroscopy for
Chemical Analysis). The zinc uptake by the stainless steel was, on the average, greater
than that of alloy 600. It seems, through this experiment, that there is a stronger affinity
of zinc for oxides of chromium and/or iron than for the oxides of nickel. The stainless
steel oxides had higher concentrations of iron and chromium.
The AES profiles showed that chromium was depleted in the oxide relative to the
base alloy for both 304SS and Alloy 600, which is in agreement with the data of
reference [19]. The 304SS oxides showed higher nickel/iron ratios than the base alloy.
The reverse was true for the Alloy 600 samples.
Still, with this chemistry, zinc was found to be distributed heavily toward the
outer region of the oxide but it was incorporated at a detectable level throughout the
oxide in samples which were exposed to zinc for the length of the test. This is shown in
Figure 3.33 and represents a significant difference with reference [19], where zinc
concentration in the film drops rapidly with depth. It is also interesting to note that the
samples which were exposed to low levels of zinc contamination (-5 ppb) in the non-zinc
autoclave at the beginning of the test, still had zinc in the outer region of the oxide.
However, the zinc did not penetrate the entire depth of the oxide (Figure 3.34).
Inconel alloys:
The sample which was exposed to the environment containing zinc for 2500 hours
had an oxide which was 5 times thinner than that which was exposed to the same
environment with no zinc for a period of 2950 hours (against 18 for 304 SS exposed for
2500 hours in zinc-free and zinc-containing coolant).
As mentioned earlier, the zinc uptake at outermost surfaces of the oxide film (the
top 1.5 to 2.0 of the surface) by the stainless steel was, on the average, greater than that of
Alloy 600. Apparently, there is a stronger affinity of zinc for oxides of chromium and/or
iron than for the oxides of nickel.
The presence of zinc appeared to have an effect on the relative concentration of
chromium, iron, and nickel in the outermost layer of the corrosion films of Alloy 600.
When samples exposed to simulated primary water having the same Li/B ratio were
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Figure 3.32 - AES depth profiles for Alloy 600 MA specimens exposed to simulated
primary coolant without (a-left) and with (b-right) zinc borate [21].
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Figure 3.33 - AES depth profile on the
surface of sample 304 -1 [21].
Figure 3.34 - AES depth profile on the
surface of sample 304 - 9 which was exposed
to a low level of zinc early in the test [21].
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examined, it was discovered that both chromium and iron were enriched relative to
nickel. This is shown for the chromium/nickel ratio in Figure 3.35 and for the iron/nickel
ratio in Figure 3.36.
The chemical bonding at the surface can be clarified by examining the
photoelectron binding energies. The shift in chromium binding energy (decrease)
indicates that there is some interaction between zinc and chromium at the surface of the
oxide, most likely in the formation of a phase containing both zinc and chromium. One
possible compound, ZnCr204, was not detected by ESCA (Electron Spectroscopy for
Chemical Analysis) measurements on the oxide film surface.
3.3.2.2. Conclusion
Except for one measurement regarding stainless steel in reference [21], thickness
reductions are mostly below a factor of 5 after 2000-2500 hours. Under BWR NWC, we
saw that on stainless steel the oxide layer mitigation was in the order of 6 after only 300
hours [9]. Under reducing environment, with high-purity water, the thickness reduction
factor was around 2 after 1000 hours [10]. It is likely that zinc is less efficient for
corrosion mitigation in reducing environments where the spinel type of oxide film
predominates over the hematite type, outer oxide layer developed under NWC. Such an
effect could be explained by the relatively thicker outer oxide layer developed in
oxidizing environments, because the zinc effect is suspected to depend largely on outer
layer effect.
The oxide film chemical characterization of reference [21] is useful for
understanding some possible mechanisms for zinc effects on corrosion. This is discussed
further below.
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Figure 3.35 - The correlation between the Cr / Ni ratio and the zinc concentration in Alloy
600 films as measured by ESCA [21].
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Figure 3.36 - The correlation between the Fe / Ni ratio and the zinc concentration in Alloy
600 films as measured by ESCA [21].
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3.3.3. Corrosion release
* Ref [20] : J. N. Esposito, et al. - Westinghouse Electric Corporation - USA - 1991
The environment is the same as that described earlier. The metal release was
calculated according to the following equation:
Total Metal corroded = Wo - Wd
Oxide Film Weight = Wa - Wd
Metal Release = (Wo - Wd) - 0.7 (Wa - Wd)
where: Wo = original sample weight
Wa = weight after coupon exposure
Wd = weight after descaling
The 0. 7factor in the metal corrosion release term represents the assumption that metals
in the oxide corrosion film represent 70% of the totalfilm weight.
The addition of zinc apparently results in a significant reduction in corrosion
release, as revealed by Table 3.2 and Figure 3.31. The corrosion release is -13 times
lower for stainless steel and 2.6-6.5 for the Inconel alloys. However, data specifically for
cobalt release are not provided.
*Ref [19] : D. Lister and M. Godin - Chalk River Laboratories - Canada - 1990
Test: Once-through loop at 300"C- Flow rate = 78 1 / h - Coordinated B/Li with
pH(300"C) between 6.9 and 7.0 for -1000 hours (starting at 1167 ppm B, 2.45 ppm Li),
then for 500 hours increase up to 7.4 where pH remained for the last 500 hours (0 ppm
B, 0.74 ppm Li) - 6.5-17 ppb of zinc. from brass turnings (<5 ppb Cu) - 02
concentration lower than 10 ppb, 18 cm3/kg H2, 2.17-16.62 yCi/m3 Co-60 - <5 ppb
water impurities.
Lister studied elemental release from a pre-irradiated Inconel-600 coupon
immersed in his high temperature loop. The activated corrosion products were collected
downstream on a magnetite bed. The data were collected during the run in which zinc
had a negative effect on the oxide film growth (thicker oxide film).
The most significant results were that zinc led to a slightly higher cobalt release,
by a factor of 10-15% than in a zinc-free environment. The chromium release was
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doubled by the presence of zinc in the coolant. However, those results were considered
anomalous by the author.
3.3.4. Co-60 buildup
a Ref [19] : D. Lister and M. Godin - Chalk River Laboratories - Canada - 1990
Test: SS304 coupons in once-through loop at 300"C- Flow rate = 81 1/ h - Coordinated
B/Li with pH(300"C) between 6.9 and 7.0for ~1000 hours, then for 500 hours increase
up to 7.4 where pH remained for the last 500 hours - 6.5-17 ppb of zinc. from brass
turnings - 02 concentration lower than 40 ppb. Co-60 was introduced in the water
using an irradiated corroded Inconel mesh.
Type 304 SS:
Figure 3.37 clearly shows a large effect of zinc which has suppressed the Co-60
deposition by a factor of about 8 (whereas the film thickness was reduced by a factor of
1.4-2)
Inconel-600:
Zinc injection inhibited pick-up of Co-60 by a factor of eight or nine - comparable
to that experienced with stainless steel. Again, as was found with stainless steel, the
decrease in Co-60 deposition caused by zinc seems greater than the decrease in film
thickness (Figure 3.38).
3.3.5. Proposed mechanisms
Co-60 pick-up mechanism and zinc-cobalt competition - Lister - 1992 [221.
The affinity of the surface oxides for Co-60 depends upon their structure. On
stainless steel, the inner oxide layer is a chromite with the basic formula :
CoxNiyFe(l-x-y)Cr204 where x+y <1 and since cobalt is an impurity element, x<<y.
Such chromites have the normal spinel structure, in which the CrIII ions fill the
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Figure 3.37 - Logarithmic plot of cobalt-60 deposition on stainless steel - Phase 2 [19].
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octahedral sites in the crystal lattice, and Coil, Nill and Fell are distributed among the
tetrahedral sites.
The outer layer on stainless steel, on the other hand, is a ferrite with the basic
formula: CoxNiyFe(I-x-y)Fe204 where x+y <1 and x<<y. Such ferrites have the inverse
spinel structure, in which the FeII ions fill the tetrahedral sites and half of the octahedral
sites, and the Coil, NiI and Fell are distributed among the remaining octahedral sites.
Crystal field theory predicts that the chromites will be normal spinels, nickel
ferrite will be an inverse spinel, and cobalt will be strongly held in the tetrahedral sites
(see reference [22] for the theoretical justification). The theory also indicates a very
strong stabilization in tetrahedral sites for zinc - in other words, zinc should be held
strongly in normal spinels and in fact should tend to displace all other divalent cations
from the chromites. This helps to explain the function of zinc in promoting thin and very
protective corrosion films on chromium-containing alloys under PWR conditions and in
inhibiting the incorporation of cobalt into such films.
We can now visualize the duplex oxide forming on stainless steel with Co-60
dissolved in the coolant. If diffusion processes can be neglected, the inner, chromite
layer will incorporate the Co-60 strongly, but since it is rather thin (type 304 stainless
steel has only - 18% Cr) a relatively small amount of activity will be involved. The outer
ferrite layer will be thicker, but will incorporate less Co-60 on a unit mass basis than the
inner layer. In some circumstances, the inner, tightly-adherent oxide on PWR surfaces
can contain more activity than the outer surface [23], indicating that preferential
incorporation in the chromite layers outweighs the lesser incorporation in the thick ferrite
layers. However, the general observation of preferential release of cobalt as measured in
radiotracing experiments (noted earlier [12]) would indicate that total cobalt
incorporation in chromite is less than rejection from ferrite.
The chromium content of the oxide, then, is important for determining Co-60
pick-up and cobalt release, for it is the key ingredient in PWR circuits that promotes the
normal spinel structure rather than the inverse spinel. Even in a low grade alloy such as
type 403 stainless steel, which grows a film comparable in thickness with that on carbon
steel in both reducing and oxidizing coolants, the chromium content of 12% is enough to
give significantly higher Co-60 contamination than occurs on carbon steel [24].
Presumably, a normal spinel with a high site-preference energy for cobalt is promoted,
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though it is apparently not protective enough to reduce corrosion rate to the level of those
found with austenistic stainless steels of higher chromium content.
Oxide film growth inhibition - Jacko and Byers - 1993 1211
As shown previously, oxide characterizations reveal that the presence of zinc
enriches the iron and chromium concentrations in the oxide film on Alloy 600, 690 and
stainless steel.
One mechanism by which the presence of zinc could enrich chromium and iron in
the outmost oxide involves a change in the local pH of the oxide film surface. If zinc is
deposited in a form that lowers the pH of the film surface, then the solubility of the
chromium and iron would be reduced, resulting in the observed Fe and Cr enrichment.
Alternatively, the zinc may react preferentially with iron and chromium to form a more
thermodynamically stable mixed oxide. In order to validate those assumptions, ESCA
analyses were performed.
The most significant finding of the binding energy analysis of the Inconel sample
was that the chromium binding energy was shifted lower by the presence of zinc. The
shift in binding energy indicates that there is some interaction between zinc and
chromium at the surface of the oxide, most likely in the formation of a phase containing
both zinc and chromium, according to Jacko and Byers. One possible compound,
ZnCr204, was not detected through the binding energy analysis. A decrease of the
chromium binding energy indicates that the oxidation state of chromium, on average, was
lowered, to CrIII for instance. Cr203, CrOOH, Cr(OH)3 are formed with CrIm. The
concentration of chromium hydroxide, Cr(OH)3, and Cr203 were measured to be the
same for samples exposed to zinc and those not exposed to zinc. Finally, an effect of zinc
on pH seems to be ruled out by the fact that the ratio of different iron and nickel
compounds, along with Cr(OH)3, were the same for zinc samples and those not exposed
to zinc.
The central importance of the zinc-chromium interaction is supported by the fact
that zinc did not affect the corrosion of the Zircaloy-4 in this study. Other research has
also observed that the corrosion inhibiting properties of zinc in reactor coolant
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environments are limited to alloys with significant chromium fractions [12]. The
reduction in general corrosion in Stellite 6 by zinc was quite large [20], and this alloy also
has a high chromium content (27-31 wt%).
According to the authors of reference [21], a reduction of the conductivity of the
corrosion film by the inclusion of zinc, as proposed by Niedrach and Stoddard [6] (see
section 3.2.6) and developed by Lister above, is not the dominant mechanism of zinc
inhibition. It is more likely that zinc reduces the solubility of Cr and Fe in primary water.
The reduced solubility then speeds the formation of a protective oxide layer after a slip
event which exposes bare metal at the crack tip or crack initiation site which would also
explain SCC mitigation due to zinc injection. The higher thermodynamic stability of zinc
ferrites at 289"C in water at anodic potentials supports this view [25].
3.3.6. Conclusion
Stainless steel
The two major papers that studied oxide film growth in zinc-containing coolant
show a reduction of oxide thickness, but reference [19] gives a factor of 1.4-2 and
reference [21] gives a factor around 18 for almost the same exposure length. The zinc
concentrations being similar, this may be due to the two different Li/B chemistries. Zinc
concentrates heavily at the outer layer which remains depleted in chromium.
Zinc seems to have a large beneficial effect on corrosion release and Co-60 pick-
up, which are both linked to oxide film growth. Reference [10], simulating a reducing
environment in high-purity water, showed that the Co-60 concentration in the film
formed when zinc and cobalt-60 are present is higher than in a zinc-free environment.
Since the film is thinner, the overall Co-60 buildup was lower with zinc
Inconel alloys
The same conclusion can be drawn as in the case of the stainless steel, if the
negative results found in one of Lister's experiment are discarded, as he suggests.
However, in all cases the effect of zinc on oxide thickness, corrosion release and Co-60
pick-up is smaller than the effect found for stainless steel. Zinc uptake by stainless steel
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is greater than that of Alloy 600. Zinc incorporated in the films concentrates at the
outside of the oxide film, with enrichment of chromium and iron relative to nickel.
General remarks
In 1992, Lister [22] developed the idea of a competition between zinc and cobalt
as well as the zinc effect on corrosion films, a theory which has been previously used to
explain the zinc effect in BWRs, whereas Jacko and Byers [21] think that oxide growth
inhibition is mainly due to zinc effects on local pH (1993). Both approaches attribute a
key role to chromium, and to the interaction between zinc and chromium, in explaining
film growth inhibition.
Zinc injection, again, has given satisfactory results in an out-of-pile simulated
Pressurized Heavy Water Reactor (PHWR) primary system, using the loop facility in
Chalk River Laboratories - Canada [26]. It has also been proved that zinc mitigates SCC
under PWR out-of-core simulated conditions [20]-[21]-[27].
3.4. POSSIBLE ZINC CORROSION INHIBITION MECHANISMS
Most of the zinc injections carried out in simulated LWR primary systems showed
a beneficial impact of ionic zinc on the corrosion rate of stainless steel (BWRs and
PWRs), and Inconel alloys (PWRs). This conclusion section is a discussion of the
possible inhibition mechanisms involved. This discussion is based on the experimental
data summarized in this chapter, and on the current understanding of LWR corrosion
mechanisms described in Chapter 2. For simplicity, only the case of zinc injection at the
beginning of oxide film growth is considered here, and the discussion is limited to two
environments: BWR normal water chemistry (NWC) and PWR.
3.4.1. BWR under NWC
The effect of zinc on the ECP of 304 SS has been studied by Lin and Smith [28].
Zinc sulfate (ZnSO4) was injected in a loop simulating BWR normal water chemistry and
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its concentration was monitored by measuring the conductivity increase. The
conductivity was raised to 1.03 gS / cm, from 0.12 gtS / cm without zinc sulfate. This
conductivity represented the presence of 30 ppb in the loop water according to the
authors. The ECP change following the injection was measured to be around + 20 mV
using different reference electrodes. The injection of sulfuric acid (H2SO4) up to the
same conductivity level leads to barely any change of ECP (+3 mV at 0.98 pS / cm, -1
mV at 1.33 IpS / cm). Thus, reference [28] concluded that a small increase of -20 mV is
observed when the Zn2+ ion concentration is at 30 ppb. Consequently, based on this
data, zinc can be classified as either an anodic inhibitor or a mixed inhibitor.
According to the literature, zinc has a dramatic effect on the outer layer of the
duplex film that usually develops in NWC. The hematite type of oxide, a-Fe203,
forming the outer layer, and characterized by its open structure in a zinc-free
environment, is suppressed, and is replaced by a dense, tight growth of crystals, thereby
hindering the transport across the film (see Figure 3.3 [8]. and Figure 3.5 [1]). The inner
layer still contains some chromium oxide, which is stable only in a reducing environment
(at more oxidizing potentials chromium oxide is not stable due to the oxidation of CrmI to
chromate) [29]. This impact of zinc on the corrosion film is schematically illustrated by
Figure 3.39. According to Lister [19], zinc is accommodated in the spinel film while it
grows making it thinner and more protective. However, the outer layer is still exposed to
an oxidizing environment, and the spinel oxide of iron, Fe304, is not stable at such high
potentials. Hematite, a-Fe203, is the stable iron species. However, according to
reference [30] Coil, which is thought to behave similarly to ZnII [10]-[22], can diffuse
into a-Fe203 to form cobalt ferrite CoFe204. Consequently, zinc ferrite ZnFe204, or
some (Fe,Zn)304 spinel [13] can form instead of the typical hematite in an oxidizing
environment. Metal oxides (iron, nickel) are known to be non-stoichiometric with a
deficiency of cations compared to their chemical formula. Some researchers think that
since zinc tends to form oxide which has more cations than would be predicted by the
chemical formula [17], the excess of zinc ions migrate to the normally vacant defects of
the metal oxides [3]-[11]-[8]. However, the protective properties of the zinc film may be
due to some other form of zinc incorporation.
It is the tight and dense film formed with zinc that controls the corrosion rate [8],
which means that the zinc-rich film is more protective than the inner chromium-rich
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Figure 3.39 - Impact of zinc on corrosion film developing on stainless steel under NWC.
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oxide film. We saw in Section 2.5 that the inner film surface can be considered to be the
anode of the passivated metal under normal water chemistry. This protective film lying
over the anode along with the ECP increase due to zinc injection suggests clearly that
zinc has an impact in the anodic reaction. Since the ECP increase is rather small, and
since the cathode is presumably also located on the inner film surface, it is possible that
zinc acts as a cathodic inhibitor too, making zinc a mixed inhibitor. In the case of the
solid state transport of the oxygen ions (O2-), their incorporation into the film might be
harder formed with zinc deposit than into the zinc-free inner layer oxide surface.
3.4.2. PWRs
The effect of zinc injection on the ECP of stainless steel or Inconel has not been
previously investigated, hence the importance of the experimental part of this thesis.
Since the conductivity of a PWR is high due to the lithium/boron chemistry, the injection
of dissolved zinc borate does not increase the electrolyte conductivity, which ensures that
the ECP change is only influenced by the presence of ionic zinc. Furthermore, the boron
concentration increase is negligible (50 ppb of zinc borate is injected compared to the 800
ppm of boron already present in the water).
Lister's experiments [19] showed that a beneficial effect of zinc can be detected
by the observation of the outer oxide layer. The inhibition effect of zinc results in the
suppression of the needle-like outer oxide film developing on Inconel in zinc-free
environments. Since the outer layers on both stainless steel and Inconel are due to
precipitation of dissolved corrosion products leaving the oxide film [31], the suppression
(reduction) of this layer simply reflects a reduction of the corrosion rate.
Most of the laboratory experiments simulating PWR environments showed that
ionic zinc reduces the corrosion rate and hence the thickness of both the inner and outer
oxide layers. As in the case of BWRs, zinc was found to be preferentially absorbed in the
outer layer [10]-[19]-[21]. Moreover, reference [10] showed that zinc was concentrated
at the boundary between the inner and outer oxide layer, which was also found in the
PCCL zinc run samples (see Chapter 4). Furthermore, zinc is detectable throughout the
film at a detectable level [21].
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In PWRs, it is acknowledged that the cathode is located on the base metal surface.
The peak in zinc concentration at the base of the outer oxide layer, close to the inner layer
boundary, suggests that zinc reacts with the corrosion products leaving the inner oxide.
The inner oxide layer is the anode of the passivated alloy in the solid state diffusion
model for corrosion products. Moreover, zinc has a stronger affinity for oxides of iron
and chromium [21]. Through outmost oxide surface chemical investigations reference
[21] ruled out the possibility that zinc has an impact on the local pH, but measured an
impact of on the chromium deposit. Reference [22] explains the key role of chromium
oxide (stated to be a chromite) as the species limiting the corrosion rate. Using crystal
field theory, Lister [22] predicted that zinc would be readily incorporated in the chromite.
These arguments suggest that zinc deposition depends on the corrosion products with
which it reacts on the surface of the inner oxide film. This favors the assumption that
zinc behaves as an anodic inhibitor in PWR environments.
The fact that zinc is detectable throughout the film may support the possibility
that zinc acts as a cathodic inhibitor too, since it is present in the inner layer which is
formed at the oxide/metal interface. However, as mentioned in Chapter 2, in order to
have zinc slowing the cathodic reaction (reduction of water to dissolved hydrogen), the
divalent ionic zinc (ZnHI) has to be reduced zinc metal (ZnO), which is rather improbable.
This presence of zinc throughout the oxide might be due to mass-transfer limitations
through the oxide film pores where zinc reacts either with corrosion products leaving the
base metal through the pores (solution transport model), or at the metal/oxide interface.
Finally, this small, but detectable amount of zinc throughout the oxide film might
simply be due to the concentration gradient phenomenon.
ECP measurements should provide important information regarding zinc
inhibition mechanisms. A positive shift of ECP would confirm the effect of zinc on the
anode, which would be in apparent agreement with the test results presented in this
chapter. A negative shift would imply that zinc behaves has a mixed inhibitor if the
anodic inhibition effect is accepted based on the arguments above.
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3.4.3. Possible forms of zinc deposition depending on its inhibition
mechanisms
Since, for both BWRs and PWRs, the behavior of zinc as a mixed inhibitor is
possible (see previous section), it is of interest to study the possible chemical forms of the
zinc deposit which would result from either cathodic or anodic reactions. The possible
chemical and electrochemical reactions are presented here, and their likelihood is
discussed.
3.4.3.1. Zinc acting as an anodic inhibitor
If zinc acts as an anodic inhibitor, then it reacts either electrochemically or
chemically with the corrosion products released from the local anodes. Zinc is initially
present in the water as a divalent cation Zn2+. Above the inner oxide surface, the water
conditions are similar to those of the water flowing in the primary loop, divalent zinc ions
will be then available for reaction with the corrosion products.
Through chemical reactions, ZnII can form ZnO and then deposit on the inner
film surface. However, zinc oxide is known not have very protective properties. But,
since ZnO has more cations than would be predicted by the chemical formula [17], the
excess of zinc ions may migrate to the normally vacant defects of the metal oxides [3]-
[11]-[8], to make a very protective film like zinc ferrite ZnFe204, or some (Fe,Zn)304
spinel [13]. This reasoning can be true for both PWR and BWR, assuming Zn2+ is stable
in both oxidizing and reducing environments, which seems to be accepted. In a PWR
environment, reference [21] did not detect any zinc ferrite on the outer layer surface using
ESCA technique. Zinc could also simply be attracted to the negatively charged corrosion
products, such as chromates in BWRs, forming thermodynamically stable compounds.
Another type of anodic inhibitor consists of an oxidizing species which reacts
electrochemically with the corrosion products and is then deposited in a reduced form.
Then, Zn2+ would have to be reduced to ZnI or to ZnO (zinc metal). If such reduction
occurs on the inner film surface, then the zinc deposit would tend to be oxidized back to
ZnII by the coolant where Zn2+ is stable. However, for both BWRs and PWRs, the
environment within the pores of the inner film is very reducing [8]. Some metallic nickel
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has been found on the inner surface developed under PWR chemistry [32], whereas NiII
is stable in the PWR water. Robertson [33] also suggests that the oxidation potential is
not always high enough to fully oxidize the more noble alloying components such as Ni
and possibly Co. Zinc is a somewhat less noble metal. However, it is not unlikely that
ZnII will be reduced to ZnI or ZnO (although ZnO is even less likely). In such a case,
reduction of zinc by reaction with corrosion products within the inner film pores is
possible.
However, experimental evidence tends to show that zinc is mostly deposited on
the inner oxide surface which proves that the anodic inhibition is more likely to takes
place through chemical deposition of zinc on the inner film surface, which implies that
the main zinc anodic inhibition would be through chemical reactions.
3.4.3.2. Zinc acting as a cathodic inhibitor
The main oxidizing species in a BWR NWC environment is oxygen (neglecting
hydrogen peroxide) which is reduced according to the electrochemical reaction:
2H20 + 02 + 4e- -40H-.
In BWRs, oxygen reduction is believed to take place on the surface of the inner
oxide film. Since zinc deposits preferentially on this surface, it could affect the water
reduction reaction and thus act as a cathodic inhibitor. Formation of zinc hydroxide
(Zn(OH)2) is a candidate reaction for such a mechanism. It is known to be non-
conductive and could therefore act by impeding electron transfer.
In PWRs it is acknowledged that the cathodic reaction is the reduction of water to
hydrogen on the base metal surface. As mentioned in Section 2.4.2.3, zinc metal (ZnO)
has a low exchange current density, and thus could inhibit the hydrogen reduction
reaction. We saw that the environment at the metal/film interface, where the cathodic
reaction takes place, is sufficiently reducing that NiO (nickel metal) and CoO (cobalt
metal) are stable. Therefore, it not impossible that zinc metal exists as well. But because
zinc is not as noble as nickel or cobalt, it is rather unlikely. Furthermore, zinc has must
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have access to the base metal through the oxide pores. The oxide acts as a barrier that
may limit the access of zinc to the cathode.
Finally, reducing the rate of either cathodic reaction decreases the local pH.
According to reference [21], zinc has no effect on the local pH of the oxide outer surface
in PWRs. Since, in PWRs, the cathodic inhibition process takes place at the metal/oxide
interface, this result does not rule out the possible cathodic inhibition mechanism of zinc
on the hydrogen reduction reaction.
3.5. CHAPTER SUMMARY
The first part of this chapter deals with a thorough literature review regarding the
injection of ionic zinc in the feedwater of LWR primary systems to reduce cobalt-60
buildup. This work was undertaken to make further interpretations of the results of the
in-pile zinc injection completed at MIT in 1995 that will be described in the following
chapter. Since corrosion in LWRs strongly depends on chemistry, it was important to
make a literature review which details the conditions under which each experiment cited
in this work was performed. This approach was carried out also so that the reader can
develop further his/her own interpretation of the experimental results.
Zinc injection is now an established technique to reduce activity buildup in BWR
plants operating under NWC. From plant experience, the main factors are believed to be
[13]:
(1) Reduction of corrosion rate and competition between zinc and cobalt for
incorporation into the out-of-core corrosion films.
(2) Decrease in the Co-60 concentration in the reactor water, which was not anticipated
on the basis of out-of-pile laboratory simulations.
Marble mentions two possible factors explaining this last phenomenon [4]. First,
the in-core materials that contain activated cobalt have a lower release rate to the reactor
water. Lister [1]-[12] showed that the release of cobalt, and of other alloying elements,
was reduced by zinc only because the oxide films are thinner compared to those
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developed in a zinc-free environment. The second potential factor is that zinc could have
a similar effect on the iron-based crud deposited on the fuel cladding, thus suppressing
the release of Co-60 from the fuel deposit.
The beneficial effect of zinc has been clearly demonstrated when zinc is injected
at the beginning of film growth in laboratory tests, or after decontamination in actual
BWR plants (decontamination processes dissolve the outer layer). However, zinc seems
significantly less efficient when injected after the characteristic bi-layer oxide is well
developed on the piping surfaces. Lister [1] showed that zinc had little beneficial effect
on film growth rate and cobalt release reductions when it was injected for 500 hours after
the system was first exposed without zinc for the same length of time. Presumably, a
very important factor here is the ratio I time with zinc in the coolant) I {time of zinc-free
pre-exposure ). It is possible that the beneficial effect of zinc injection for an established
oxide film increases with this ratio.
Out-of-pile laboratory experiments also showed that the injection of zinc under
hydrogen water chemistry reduced the oxide film growth [10] and cobalt-60 buildup [3]-
[10]-[ 11]. However, according to reference [10], there is no competition between zinc
and cobalt for incorporation into the oxide film, and the only reason for Co-60 buildup
reduction is a thinner film. In actual BWR plants, the only available data describe the
radiation buildup change only when both HWC and zinc injection are implemented at the
same time [4]. Obviously, this makes more uncertain any interpretation about the effect
of zinc in actual plants working under HWC. However, the first results are encouraging.
Unlike in the BWR case, very few trials of zinc injection have been made in
operating commercial plarits. The first such zinc injection was recently completed [2],
and the results were reported to be promising [18].
Laboratory results show that zinc reduces oxide film growth [19]-[20]-[21]. The
reduction factors vary between experiments. However, a constant seems to be the higher
propensity of stainless steel (iron-rich) oxide films to incorporate zinc compared to
Inconel-600 (nickel-rich oxide) [19]-[21], with consequently greater reduction in
corrosion rate for stainless steel. Except for one measurement on stainless steel in
reference [21], thickness reductions are mostly below a factor of 5 after 2000-2500 hours.
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Under BWR NWC, we saw that on stainless steel the oxide layer mitigation was in the
order of 6 after only 300 hours [11]. In a reducing environment, with high-purity water,
the thickness reduction factor was around 2 after 1000 hours [10]. It is likely that zinc is
less efficient for corrosion mitigation in reducing environments, where the spinel type of
oxide film predominates over the hematite type developed under NWC. Such a result
could be explained by the relatively thicker outer oxide layer developed in oxidizing
environments, because one of the major effects of zinc on the corrosion films is
suppression of the outer layer.
Zinc has also been found to reduce Co-60 buildup in PWR environments. Lister
[19] reported a Co-60 reduction factor of 8 compared to a film thickness reduction of 1.4-
2, which supports the hypothesis raised after earlier BWR experiments that the zinc and
cobalt compete for incorporation into the oxide film. In simulated BWR environments,
the Co-60 buildup reduction was reported in reference [3] to be -4 times greater in an
HWC environment compared to NWC. However, no film thickness comparison was
conducted.
The mitigation of the corrosion rate by zinc seems to be the main factor
responsible for the reduction of radiation field build up in LWRs. This motivated the
effort to understand the effect of zinc on corrosion more than on the other phenomena
involved in activity buildup mechanisms.
Finally, based on the experimental findings regarding the effect of zinc on the
corrosion films and on the understanding, previously developed, of how the different
types of inhibitors would affect the corrosion of LWRs, a first attempt to classify the
inhibition effect of zinc on corrosion of BWRs and PWRs was undertaken in this chapter.
We saw that in PWRs, the cathodic reaction, which consists of the reduction of
water to dissolved hydrogen, is thought to take place at the base metal/oxide interface,
due to continuous access of water to the metal through the pores of the oxide film. Thus
the cathode is located on the base metal. Two competing models are reported for the
transport of corrosion products through the film and hence for the location of the anode.
The solid state transport model suggests that metallic ions diffuse along grain boundaries
in the oxide. In this case, the corrosion products are available for reaction on the surface
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of the inner oxide. Since metallic ions like zinc can diffuse through the film because of
concentration gradients, zinc reactions with corrosion products may take place within the
upper part of the inner layer. The liquid transport model, on the other hand, contends that
the corrosion products diffuse through the electrolyte along interconnected pores in the
oxide. In this case, the anode is on the base metal. However, an inhibitor such as zinc
might have limited access to the base metal because of a protective oxide film.
Therefore, despite the anode location at the base metal in the liquid transport model, an
anodic inhibitor may react with corrosion products at the inner/outer oxide layer
interface.
Based on the observation that zinc concentrates heavily at the boundary of the
inner and outer layer, zinc seems to act mostly on the anode, and therefore it is most
likely that it behaves as an anodic inhibitor. The continuous presence of zinc throughout
the inner film at a detectable level can be interpreted into three ways. It may be due to a
rapidly decreasing amount of zinc that penetrates the inner oxide through the pores to
react with outwardly diffusing corrosion products (liquid transport model). In such a
case, the zinc deposition throughout the oxide is still related to anodic inhibition
mechanisms. Another possibility is that zinc interferes with the cathodic reaction also.
The inner layer grows at the oxide/metal interface, which has been identified as the
physical cathode as discussed above. The third option is that this decreasing zinc
concentration within the inner layer is related to solid state diffusion of zinc due solely to
the concentration gradient existing between the zinc-rich outer layer, and the zinc-free
inner layer.
In conclusion, it seems that if zinc acts as a corrosion inhibitor (i.e., it reacts with
corrosion products and/oi interferes with the cathodic reaction), the experimental
evidence favors the option that zinc is in an anodic inhibitor in PWR primary systems,
but it is not excluded that it acts as a mixed inhibitor. Measuring the effect of zinc on the
ECP would contribute to our understanding of the mechanisms.
In BWRs under normal water chemistry, the two models for corrosion product
transport just mentioned still apply. Therefore, the anode is most likely located at the
inner/outer oxide interface. The cathodic reaction consists of the reduction of oxygen to
water. However, the inner chromium-rich oxide layer is formed under reducing
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conditions [9], which suggests that oxygen is reduced at the inner/outer oxide layer
interface as well. Since the anode and the cathode are at the same location within the
oxide film, the preferred location of zinc within the film does not suggest which half-cell
reaction is more likdly to be affect by zinc. However, zinc was found to raise the ECP of
stainless steel in BWR NWC by -20 mV [28]. This measurement suggests that zinc under
NWC conditions acts as an anodic or mixed inhibitor.
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CHAPTER 4
MIT IN-PILE ZINC INJECTION RUN
4.1. INTRODUCTION
In 1995, the first in-pile study of zinc addition to reduce corrosion and activity
deposition in PWR primary systems was completed, using the Pressurized Coolant
Chemistry Loop (PCCL) facility at the MIT Nuclear Reactor Laboratory. Refer to
Chapter 1 for a brief description of the PCCL. Because many out-of-pile runs showed
beneficial effects of zinc on corrosion [1]-[2]-[3], Co-60 buildup [1], and corrosion
release [1]-[3] in PWR primary system reducing environments, a PCCL run to evaluate
zinc injection under irradiation.
This chapter is divided into two sections. The first one deals with the 1100-hour-
long out-of-core pretreatment runs carried out prior to installing the loop in the reactor.
The pretreatment, data is relevant to the impact of zinc on corrosion film growth in the
absence of radiation. The. second section will deal with the post-irradiation results. As
mentioned in the introductory chapter, the pretreatment and irradiation runs were
conducted in conditions similar to those of a previous PCCL reference run (PBR run),
except for the addition of zinc. Data from the zinc run, such as corrosion deposition, and
activity buildup, were compared to those of the PBR run, so that the impact of zinc on
those phenomena could be assessed.
In each section, the conditions, run histories, and important results from reference
[4] (thesis reporting the results of the MIT PCCL zinc injection run) are summarized. In
order to provide information relevant to zinc mechanisms, some supplementary
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investigations were carried out. Using Secondary Ion Mass Spectroscopy (SIMS),
Scanning Electron Microscope Energy Dispersive spectroscopy X-ray (SEM-EDS), and
Electron Spectroscopy for Chemical Analysis (ESCA), the corrosion films on
pretreatment samples from the zinc run were analyzed. The interpretations developed in
reference [4] are extended here using the information from these supplementary
measurements and additional insight from the zinc injection literature review (Chapter 3).
4.2. OUT-OF-PILE PRETREATMENT
After fabrication, the loop is pretreated by exposing it to simulated primary
coolant at 316TC for approximately 1000 hours. There are two pretreatment stages:
prefilming and preconditioning. The objective of this pretreatment is to create a
representative oxide surface film which has progressed beyond the period of early rapid
growth. The prefilming run, starting with fresh metal (without Zircaloy tubing), operates
in a once-through mode to develop the passive film. The once-through mode is
motivated by the fact that the starting corrosion rate is high, and corrosion product
concentrations would have been too high in a recirculating mode. The prefilming stage is
also intended to simulate the "hot functional testing" phase of the start-up of actual plants,
which is conducted without the fuel in place. The preconditioning stage, conducted with
the whole PCCL (including Zircaloy), further develops the corrosion film under the
condition to be used in-core. The loop setups for prefilming and preconditioning runs are
shown in Figure 4.1 and 4.2 [4].
4.2.1. Conditions
The zinc run pretreatment differs from the usual PCCL pretreatments by the
inclusion of zinc injection. Prefilming (500 hours) was conducted without zinc injection,
followed by a 600-hour-long preconditioning with 15 ppb of zinc (target concentration at
the outlet). This was intended to study the effect of zinc injection in operating plants that
have developed zinc-free corrosion films. Table 4.1 and 4.2 summarizes the significant
parameters of each stage of the loop pretreatment for the zinc and PBR runs. The data
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Table 4.1 - Pretreatment and irradiation conditions for the Zinc Run.
Zinc Run Prefrlminag PreconditioniM Iradiation ,
Lithium 1.41 ppm 3 ppm 3 ppmBoron 600 ppm 800 ppm 800 ppm
pH(300"C) 7.0 7.2 7.2
Conductivity 15.2 31.7 31.7
Temperature 316"C 316"C 277"C (core inlet)
316'C (core exit)
Oxygen less than less than -
10ppb 5pMb
Loop flow rate 1 cc/hr 100-500 c/hr 3 m/s (6 /mn)
Let-down Flow Rate 100 cc/hr 100-500 cc/hr 275 cc/hr
(once through) (Recirculated)
Duration of Hot 500 hours 600 hours 666 hours with
Exposure radiation
1560 MW hours total
n Letdown N/A 10-30 ppb assumed average:
(for 300 hours) 10 -15 ppb
below 2.5 ppb
otherwise
Table 4.2 - Pretreatment and irradiation conditions for the PBR run.
PBR Run Prefilming Preconditioning Irradiation
Lithium 1.41 ppm 3 ppm 3 ppm
Boron 600 pm 800 ppm 800 pm
pH(300"C) 70.0 7.2 87.2
Conductivity 15.2 31.7 31.7
(pS/cm at 25"C)
Temperature 316"C 316"C 277TC (core inlet)
316'C (core exit)
Oxygen less than less than -
10 ppb 5 ppb
Loop flow rate 275 cc/hr 275 cc/hr 3 m/s (6 l/mn)
Let-down Flow Rate 275 cc/hr 275 cc/hr 275 cc/hr
(once through) (recirculated)
Duration of Hot -500 hours -600 hours 728 hours with
Exposure radiation
1569 MW hours total
Zn Letdown N/A N/A N/A
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presented here are time-averaged values, the parametric histories over the run length are
available in reference [4].
Throughout the zinc pretreatment and in-core runs, the lithium and boron
concentrations, along with pH and conductivity were maintained at close to their target
values. However, it took more than 2 weeks to finally detect zinc at the outlet of the loop
during preconditioning. Indeed, the zinc-free corrosion film developed at high
temperature tends to absorb zinc, because of the concentration gradient existing between
the zinc-rich water and the zinc-free oxide film. Figure 4.3 shows the outlet zinc
concentration history during preconditioning. A transient during the run caused a
temporary high zinc concentration for several days. On April 22, the main charging
pump stopped pumping and the loop was cooled down to fix the pump. No
depressurization occurred but the zinc injection rate from the 1 ppm tank increased
because the zinc injection pump continued to operate for three days. During the startup
period, the measured outlet zinc concentration was 261 ppb, but then rapidly decreased to
30 ppb when the loop was heated. When the loop is cold, zinc is generally not
significantly absorbed by the corrosion film. The loop ran with 10 to 30 ppb of zinc for
the last 12 days (290 hours), for a total exposure of 1050 hot hours (prefilming and
preconditioning).
4.2.2. Corrosion film data
4.2.2.1. Sample descriptions
Following the preconditioning phase of the zinc pretreatment program, Inconel-
600 and type 316 stainless steel tubing samples were taken from the loop and then
descaled to check the crud surface density and composition [4]. Furthermore, as part of
the work of this thesis, some complementary corrosion film characterizations were
carried out using one of these samples. The samples taken from the loop were those
closest to the outlet (see Figure 4.1 and 4.2). Consequently, these tubing samples were
exposed to the lowest concentrations of zinc during the pretreatment runs. The loop built
for the irradiation run was made using the upstream parts of the pretreatment loop, which
were exposed to higher concentrations zinc. Note however, that the outlet concentration
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(1) The concentrations given in this figure are only those measured when the loop was operating at high
temperature.
(2) ICP concentration measurement uncertainty: 2 ppb.
Figure 4.3 - Inlet and outlet zinc concentrations during the zinc preconditioning run.
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approached the inlet concentration by the end of pre-conditioning. This suggests that the
zinc content of the oxide films had "saturated." It is therefore likely that the film
concentrations were fairly uniform throughout the loop.
There are several differences between the zinc run and PBR stainless steel tubing
samples (denoted plena):
(a) One large cold leg SS plenum (2.54 cm ID, 24.4 cm) was employed in the PBR loop
instead of both cold and hot leg (each 0.617 cm ID, 12.8 cm long) in the Zinc loop.
(b) The interior surface of the zinc run plena was roughened with 60 grit emery cloth to
approximate the surface condition of PWR main coolant piping but the inner surface of
the PBR plenum were not roughened. Roughening usually leads to higher corrosion
product deposition on the surface.
The descaling data for the PBR stainless steel sample were taken from an earlier
report [5]. Inconel data for both the PBR and.zinc run were measured using the same
procedures.
4.2.2.2. Corrosion product deposition
SEM micrographs of Inconel and stainless steel samples were obtained after
prefilming and preconditioning (see Figure 4.4 and 4.5). For both samples, the corrosion
deposit comprises the duplex oxide layer on which large crud crystals are deposited The
crud crystals are due to precipitation of dissolved corrosion product while in the coolant,
and therefore their density is mostly function of the water corrosion product density.
On Inconel samples, the outer layer is composed of characteristic "strings" or
needle-like network. On stainless steel, the outer layer is composed of crystals that are
hard to distinguish from the crud deposit, although significantly smaller in size. Since the
Inconel outer layer is easier to distinguish, the following discussion will be based only on
the Inconel samples, but the same discussion is most likely true for the stainless steel
samples.
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Figure 4.4a - SEM Photographs of Inconel tubing after the zinc run prefilming [4].
Figure 4.4b - SEM Photographs of Inconel tubing after the zinc run preconditioning [4].
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Figure 4.5a - SEM Photographs of stainless steel tubing after the zinc run prefilming [4].
Figure 4.5b - SEM Photographs of stainless steel tubing after the zinc run preconditioning
[4].
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After prefilming, the outer layer of the Inconel samples was already well
developed, and little difference in density can be observed after preconditioning. The
beneficial effect of zinc on oxide growth was based on the suppression of this outer layer
in Lister's experiment [1]. Two Inconel samples were exposed to similar environments,
except that one contained 20 - 30 ppb of zinc, and the other one was zinc-free. The
sample exposed to the zinc-free environment showed the characteristic outer layer
composed of string-like crystals, but the sample exposed to zinc showed a smooth outer
layer. Moreover, Lister's experiment regarding zinc injection in BWR environment [10],
showed that once the oxide outer layer was developed on stainless steel, a late injection of
zinc did not suppress the outer layer, and very little beneficial effect of zinc on oxide
growth was found. It is therefore not expected that after the zinc-free prefilming run, the
possible beneficial of zinc on film growth is harder to detect.
In order to assess the amount of corrosion product deposited after 1050 hours of
pretreatment, the stainless steel and Inconel samples were descaled. The descaling
techniques involve ultrasonic descaling for Inconel, and ultrasound and electrolysis for
stainless steel. Descaling procedures were identical for the PBR and zinc run samples.
After descaling, the oxides removed from the tubing were dissolved using aqua regia.
The diluted solutions were then analyzed for chemical composition by ICP-AES.
This procedure assumes that the same proportion of oxide is removed from the
PBR and zinc-run samples. Unfortunately, the descaling of the post-irradiation samples
showed that the oxides developed on the zinc samples are harder to remove than those on
the PBR sample. The proportion of oxide descaled from the post-irradiation run can be
monitored by measuring the activity of the samples after each descaling step. It is thanks
to this monitoring technique that the difference in removal efficiency between the PBR
and zinc samples was discovered. The removal efficiencies may be different only on the
post-irradiation samples, but it is not possible to confirm this assumption on the post-
pretreatment samples, since no activity is available as a tracer.
Analysis of the corrosion product after descaling initially showed a lower post
pretreatment crud surface density (mg/cm2 ) for the zinc run than in the PBR run.
However, the oxide removal efficiency for the zinc run was significantly lower.
Descaling analysis detected zinc in the PBR samples, indicating that there is "natural"
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zinc in the PCCL coolant. Zinc content in Inconel oxide films is approximately ten times
higher on the zinc samples than on the PBR samples. Zinc content on the PBR stainless
steel samples was not measured.
4.2.3. Supplementary oxide characterizations
In order to develop a better understanding of the effect of zinc on the corrosion
layer, as part of this thesis, some further investigations were carried out on the zinc run
preconditioning samples (Inconel and stainless steel) using SEM-EDS, SIMS, and ESCA.
4.2.3.1. SEM x-ray analyses
An attempt was made to acquire elemental maps of the surface of the oxide films
developed on preconditioning Inconel and stainless steel samples using Scanning
Electron Microscope (SEM) x-ray microanalysis. The original idea was to study the areal
distribution of zinc, iron, nickel, and chromium on the corrosion film, and see if zinc was
preferentially associated with one element. A brief introduction to the SEM-EDS x-ray
analysis technique is given in Appendix A.
As presented in Appendix A, the electron beam of the SEM penetrates within the
specimen. To limit the penetration depth so that only the oxide layer is probed, the beam
electron energy has to be minimized. However, if the energy is too low, the signal/noise
ratio increases and the spectrum is too narrow to show the most sensitive (K-shell)
elemental energy peaks.
A pointwise probe was conducted on the crud crystal deposit and on the corrosion
layer by setting the electron beam (1 lim diameter) on the spot to be analyzed (the
scanning mode was not used).
Crystal deposits:
Once the spectra were acquired, the penetration depth of the interaction volume in
the crystal was computed to be sure that the beam probed mostly the crystal (i.e., the
penetration depth is less than the crystal diameter). The same crystal composition was
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found to be independent of the beam electron energy (for the energy range that led to a
crystal probe only). Oxygen content provides another check to contributions from the
base metal. Because as oxygen concentration of ~ 75% is expected for the deposited
oxides, measurements with less than 50% oxygen were rejected. As mentioned in
Chapter 2, this crystals are typically magnetite (Fe304) or nickel ferrite (NiFe20 4). In
these formula oxygen represents 57% of the atoms of the crystals. However, ferrites are
usually depleted in metal ions compared to their chemical formula, and therefore oxygen
can have a concentration of -70% within the crystals.
The chemical composition measurements of the crystals turned out to be very
reproducible. A number of measurements were conducted on crystals chosen randomly
on the surface of the samples. The complete set of measurements is given in Appendix
A. Only normalized oxygen, iron, nickel, chromium and zinc concentration are
displayed, although other elements were detected (carbon in particular since the samples
were carbon-coated). Tables 4.3 and 4.5 give the average composition of the crystal
deposited on Inconel and 316 SS samples. On both materials and for both runs, zinc was
rarely detected (see Appendix A).
The crystal deposit compositions are similar on the zinc run and PBR samples, for
both Inconel and stainless steel. On 316 SS, they are overwhelmingly composed of iron,
with only 8 at. % nickel and 5 at. % chromium. On the Inconel samples, the main
transition metal is still iron, but to a lower extent, and there is 40 at. % nickel. The
chromium content is still low at around 4 at. %.
Oxide layer:
An attempt was made to measure the oxide layer composition. Since the
thickness of this film is unknown, the computed penetration depth (-0.5 pm at 9 keV of
accelerating voltage) could not be used to determine if the base metal was included in the
interaction volume. The indicator used, once again, was the measured oxygen content.
Tables 4.4 and 4.6 show the measurements of the oxide layer composition for both PBR
and the zinc run. The data showed are the average of the measurements where the
oxygen content was above 70%.
In Table 4.4, the oxygen contents measured for both PBR and zinc-run 316 SS
samples are around 61-62 % which is close to the expected value for the oxides.
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Table 4.3 - SEM-EDS chemical analysis of crystal deposit on 316 SS preconditioning
samples (both Zinc and PBR runs).
Run O Fe Ni Cr Zn
(atm. %) (atm. %) (atm. %) (atm. %) (atm. %)
Zinc 74.56 86.04 8.78 4.38
PBR 74.22 86.17 8.52 5.30
Table 4.4 - SEM-EDS chemical analysis of oxide film on 316 SS preconditioning
samples (for both the Zinc and PBR runs).
Run O Fe Ni Cr Zn
(atm. %) (atm. %) (atm. %) (atm. %) (atm. %)
Zinc 61.38 49.87 15.13 34.65 4.36
PBR 62.13 31.75 31.22 28.82 7.21
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
(3) The data displayed in Table 4.3 correspond to the average of several measurements
carried-out on different crystal deposits chosen randomly on the oxide surface.
(4) The data displayed in Table 4.4 correspond to the measurements where the oxygen
concentrations were the highest for the Zinc and PBR samples.
(5) Composition of 316SS (normalized atomic concentrations):
Fe (69.5%), Cr (22.0%), Ni (8.5%)
(6) Composition of Inconel-600 (normalized atomic concentrations):
Fe (8.7%), Cr (17.8%), Ni (73.5%)
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Table 4.5 - SEM-EDS chemical analysis of crystal deposit on Inconel-600
preconditioning samples (both Zinc and PBR runs).
Run O Fe Ni Cr Zn
(atm. %) (atm. %) (atm. %) (atm. %) (atm. %)
Zinc 73.62 55.39 40.40 4.00
PBR 73.50 55.28 40.51 4.20
Table 4.6 - SEM-EDS chemical analysis of oxide film on Inconel-600 preconditioning
samples (both Zinc and PBR runs).
Run O Fe Ni Cr Zn
(at. %) (at. %) (at. %) (at. %) (at. %)
Zinc 64.69 12.19 66.23 21.58
PBR - 58 11.06 64.90 24.04
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
(3) The data displayed in Table 4.5 correspond to the average of several measurements
carried-out on different crystal deposits chosen randomly on the oxide surface.
(4) The data displayed in Table 4.6 correspond to the measurements where the oxygen
concentrations were the highest for the Zinc and PBR samples.
(5) Composition of 316SS (normalized atomic concentrations):
Fe (69.5%), Cr (22.0%), Ni (8.5%)
(6) Composition of Inconel-600 (normalized atomic concentrations):
Fe (8.7%), Cr (17.8%), Ni (73.5%)
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However, it is most likely that the base metal was included in the excitation volume. The
elemental compositions show films enriched in chromium and nickel, and depleted in
iron compared to the base metal (both inner and outer oxides are assumed to be within the
excitation volume). This is consistent with the stainless steel oxide film descriptions
presented in Chapter 2. Moreover, a significant amount of zinc is measured on both PBR
and zinc run samples.
No quantitative comparisons between the PBR and zinc run oxide layer
compositions are attempted here, for several reasons. First, these data come from single
measurements on both samples. Appendix A shows that there are significant variations
from one measurement to another (taken at different spots on the sample surfaces).
Second, there is an uncertainty about the proportion of base metal probed during the
measurements.
Table 4.6 shows similar oxide film compositions for PBR and zinc run Inconel
samples. In this case, no zinc peak was detected. Moreover, the composition of the
oxide is viery similar to that of the base metal (see note (5)).
There are three possible reasons that zinc was not detected in the oxide film.
First, the zinc uptake on Inconel may actually be lower than that of stainless steel, and its
concentration in the volume probed by the electron beam is lower than 1% (which is
roughly the detection limit of the SEM-EDS system). Second, the same amount of zinc
may be present in the interaction volume but, the larger absorption of zinc x-rays in
nickel compared to iron, increases the detection limit for zinc in a nickel rich
environment. Third, the film on Inconel may be significantly thinner, which would result
in a higher proportion of base metal is involved in the interaction volume. However,
since the oxygen content is as high as for the 316 SS oxide film measurements, the latter
explanation is unlikely.
Conclusion:
Zinc is present in very low quantity (less than 1%) in the crud crystal deposits, on
both Inconel and stainless steel samples. The oxides found on stainless steel are mostly
composed of iron, and those on Inconel are mostly iron and nickel. A significant amount
of zinc (5-7 %) was found the 3166 SS oxide films for both the zinc and PBR run, which
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is consistent with the speculation that the PBR run was contaminated with zinc. No zinc
was detected on the Inconel-600 films, although it is possible that zinc is harder to detect
in nickel-rich materials (higher limit of detection).
4.2.3.2. SIMS analyses
In Secondary Ion Mass Spectroscopy (SIMS) a beam of energetic heavy ions
erodes away the surface of the specimen under study while secondary ions produced in
the sputtering process are mass analyzed and detected. Thus SIMS is a technique which
gives a measurement of elemental concentrations with depth While other surface analysis
techniques like Auger Electron Spectroscopy (AES) and Ion Scattering Spectroscopy
(ISS) can be combined with sputter etching for depth profiling, the high sensitivity of
SIMS was an advantage since zinc concentration the film was expected to be on the order
of 1%.
The apparatus used at the Woods Hole Oceanographic Institute (WHOI) used a
primary O- beam to sputter the sample oxides. Only the zinc run Inconel and stainless
steel preconditioning samples were analyzed. Prior to analysis, they were cleaned using
ultrasound in isopropyl alcohol solution for 25 minutes, to eliminate the loose crud
deposited on the surfaces.
Results and interpretations:
Since no standards for chromium, iron, nickel, cobalt, and zinc were available,
only relative concentration could be calculated from the SIMS data. Thus, knowing the
relative concentrations of nickel, iron, chromium and cobalt in the base metal (as received
Inconel-600 and 316 SS tubing compositions are given in reference [4]), it is possible to
derive the relative concentrations of these elements through the film. Figure 4.6.a and
Figure 4.7.a display the normalized concentration of the main alloying elements for
Inconel and stainless steel samples. Since no zinc concentration data for the base metal is
available, only a qualitative concentration profile can be derived. The zinc intensity
profile acquired using SIMS throughout the oxide film is proportional to zinc
concentration over the sum of the main alloying element concentrations (Cr, Fe, Ni, and
Co). It can be assumed that the sum of the Ni, Cr, Fe, and Co concentration is roughly
constant with depth. Consequently, the zinc profile curve is proportional to zinc
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Figure 4.6.a - Main alloying elements depth profiles.
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Figure 4.6.b - Cobalt and zinc concentration profiles (only qualitative for zinc).
Figure 4.6 - SIMS zinc and alloying elements depth profile analyses within the oxide film
of Inconel-600 zinc run preconditioning sample (primary beam current: 30 nA).
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Figure 4.7.a - Main alloying elements depth profiles.
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Figure 4.7.b - Cobalt and zinc concentration profiles (only qualitative for zinc).
Figure 4.7 - SIMS zinc and alloying elements depth profile analyses within the oxide film
of 316 SS zinc run preconditioning sample (primary beam current: 20 nA).
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concentration with depth. Figures 4.6.b and 4.7.b show the zinc profiles in the Inconel
and 316 SS oxides.
The primary beam current used for the Inconel-600 sample was 30 nA, whereas
that used for the stainless steel sample was 20 nA. The effect of the primary beam
current is obvious, and the depth profile for the stainless steel sample is significantly
more detailed (see Figures 4.6 and 4.7). 800 seconds were used to sputter the oxide layer
of the SS sample down to the base metal, whereas this was accomplished after only 90
seconds with the Inconel sample.
Figure 4.6 shows that zinc and cobalt are preferentially accumulated on the outer
layer of the Inconel-600 oxide film. Both elements have similar profiles, although they
are so crude that they can not be differentiated from those of iron and nickel. The inner
layer, characterized by higher chromium content, is significantly thicker than the outer
layer.
Figure 4.7 shows elemental profiles for SS with better time (depth) resolution
arising from the lower sputtering current. The inner and outer layers are well defined,
and again the inner layer is found to be larger than the outer layer. The cobalt and zinc
profiles show strong similarities. Both elements have a concentration peak at the
boundary between the inner and outer layers, which was also found in reference [6].
They also have a significant concentration increase on the oxide surface. This may be
due to surface contamination, or to the cobalt and zinc that are present in crud deposits (if
these were not effectively removed).
The outer layer is thought to be composed mainly of ferrite and the inner layer of
chromite. These two compounds might not be sputtered with the same efficiency, with
chromite possibly being harder to sputter than ferrite. This could explain the apparent
thickness differences between the inner and outer oxides.
Conclusion:
These SIMS measurements showed that zinc and cobalt tended to behave
similarly within the corrosion film. They both accumulate at the boundary between the
inner and the outer layer.
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4.2.3.3. ESCA analyses
Experimental approach:
In order to understand the impact of zinc on corrosion films, it is interesting to
investigate the chemical form of zinc deposited or absorbed in the oxide. For instance, in
some environments, zinc cation is well known to be a cathodic inhibitor and forms a non-
conductive zinc hydroxide (Zn(OH)2) film on the surface of the metal. Deposit
characteristics of several specimens exposed in the pre-filming and pre-conditioning of
the MIT zinc run were investigated using ESCA (Electron Spectroscopy for Chemical
Analysis) . The apparatus used is a Surface Science Laboratory, Model SSX 100 at the
Harvard University Science Department. The X-ray source used was Al-K radiation
(1486.60 eV). The corrosion film area analyzed for each sample was 600 gm in
diameter.
Figure 4.8 [7] shows that by measuring both the zinc 2p3/2 photoelectron binding
energy (x-axis) and L3M45M45 Auger electron kinetic energy (y-axis) it is possible to
characterize the zinc deposits.
An attempt was made to analyze samples without the crud deposit, so that only
the oxide layer was characterized. Different zinc species (one in the crystals and a
different one in the corrosion film, for instance) may be measured and then may interfere.
To remove the crud, the stainless steel and Inconel samples were cleaned in isopropyl
alcohol using ultrasound for 5 hours, and then with DI water for 30 minutes using
ultrasound again. After cleaning, it was not possible to confirm that the loose crud layer
was fully removed. However, a change in the oxide film color from black to brown was
detected visually after descaling, indicating a change in the oxide film surface
composition
Results:
ESCA spectra for the zinc 2p3/2 photoelectron binding energy, and the zinc
L3M45M45 Auger kinetic energy (on a binding energy scale) were both acquired for 30
minutes. They are presented in Figures 4.9 and 4.10 respectively. Figure 4.11 shows
that, for both stainless steel and Inconel-600, a double L3M45M45 peak was measured.
Table 4.7 summarizes these energy measurements. Similar results are observed for
Inconel and stainless steel.
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Figure 4.8 - Wagner chemical-state plot literature zinc data [7].
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Figure 4.9 - ESCA measurement of zinc 2p3/2 photoelectron binding energy for the
Inconel-600 and 316 SS preconditioning samples.
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Figure 4.10 - ESCA measurement of zinc L3M45M45 X-ray energy for the Inconel-600
and 316 SS preconditioning samples.
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Table 4.7 - Zinc 2p3/2 photoelectron binding energies and L3M45M45 Auger electron
kinetic energies for Inconel-600 and 316 SS preconditioning samples.
Inconel-600 316 SS
Zn 2 p3/2 photoelectron 1021.56 1021.66
binding energy (eV)
Zn L3M45M45 binding 495.32 495.41
energy (eV) 497.82 498.03
Zn L3M 45M45 Auger 991.28 (A) 991.19 (A)
electron kinetic energy (eV) 988.78 (B) 988.57 (B)
(A) - (B) 2.50 2.62
Notes:
(1) Zn L3M45M45 Auger electron kinetic energy is calculated by subtracting the
incoming x-ray energy (1486.60 eV) by the Zn L3M45M45 binding energy.
(2) (A) - (B) is the energy difference between the two Zn L3M45M45 peaks.
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Figure 4.11 shows the complete ESCA spectra for both alloys. From these spectra
the elemental composition and the elemental binding energies for the surface of the
corrosion films was calculated. These data are presented in Table 4.8. The binding
energies for the elements in these spectra are less accurately measured than was the case
for zinc, since no curve fit was conducted to precisely determine the center of each
elemental peak. All the binding energies are very similar for both Inconel-600 and 316
SS. The elements that dominate are oxygen and carbon. Carbon is a common
contaminant which is found on all surfaces which have been exposed to the atmosphere.
These high concentrations are consistent with those measured in reference [2].
Environmental hydrocarbons and atmospheric carbon dioxide are considered to be
responsible for the high carbon concentration at the surface of the oxide film. Carbon
dioxide absorption also significantly enhances the oxygen concentration of the oxide.
Table 4.9 summarizes the normalized atomic concentrations of iron, chromium, nickel,
and zinc.
Interpretation:
Zinc deposit:
There are two possible explanations for the double peak measured for the zinc
L3M45M45 x-ray energy on the 316 SS and Inconel-600 samples (Figure 4.10). Either
this double peak is a measurement artifact or zinc is deposited under 2 different forms in
the corrosion film. In either case, two peaks must be detected for the zinc 2p3/2
photoelectron binding energy. This suggests that the rather wide zinc 2p3/2 binding
energy peak is in fact two overlapped peaks.
Double peak artifacts can occur in ESCA measurement where a non-conductive
material (such as an oxide film) overlies a very conductive surface (such as the
underlying base metal), and the outer layer is not fully adherent. Multiple peak artifacts
then occur because of non-uniform charging of the material. These artifacts commonly
occur with oxide powder, for instance. The loosening particles tend to lose electrons
during specimen polarization, and then become positively charged. The energy required
for escape of electrons from these particles is larger because of the coulombic force.
Consequently, in the case of non-uniform charging, the Auger kinetic energies are lower
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Table 4.8 - Surface composition summary for Inconel-600 and 316 SS Zinc run
preconditioning samples using ESCA.
Table 4.8.a - Surface composition summary for Inconel-600 preconditioning sample
using ESCA.
Element Binding Energy (eV) atom %
Zn (2p3) 1021.1 1.30
Ni (2p3) 855.4 3.31
Fe (2p3) 711.3 1.56
Cr (2p3) 576.4 3.12
O (ls) 530.7 39.50
N (ls) 399.6 3.75
C (ls) 284.6 47.46
Table 4.8.b - Surface composition summary for 316 SS preconditioning sample using
ESCA.
Element Binding Energy (eV) atom %
Zn (2p3) 1021.4 1.98
Ni (2p3) 855.8 1.38
Fe (2p3) 711.9 2.93
Cr (2p3) 576.7 3.48
O (ls) 530.6 43.39
N (Is) 399.6 2.92
C (1s) 284.6 43.91
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Table 4.9 - Surface composition of the Zinc run preconditioning samples using ESCA
(normalized atomic % for the main metallic elements including zinc).
Sample Cr (at. %) Fe (at. %) Ni (at. %) Zn (at. %)
Inconel-600 33.6 16.8 35.6 14
316 SS 35.6 30.0 14.1 20.2
Table 4.10 - Surface composition of the Zinc run preconditioning samples using ESCA
(normalized atomic % for the main metallic elements excluding zinc).
Sample Cr (at. %) Fe (at. %) Ni (at. %)
Inconel-600 39.0 19.5 41.4
316 SS 44.6 37.6 17.7
Notes:
(1) Composition of 316SS (normalized atomic concentrations):
Fe (69.5%), Cr (22.0%), Ni (8.5%)
(2) Composition of Inconel-600 (normalized atomic concentrations):
Fe (8.7%), Cr (17.8%), Ni (73.5%)
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than those characteristic of the actual zinc deposit present in the specimen. No reliable
information can be extracted in this case; one or both peaks may have energy shifts.
The possibility that there are two different zinc compounds in the oxide layer
cannot be ruled out. The L3M45M45 Auger kinetic energies of the two compounds
would be 991.28 - 991.19 eV (El), and 998.78 - 988.57 eV (E2), as presented in Table
4.7. Moreover, the zinc 2p3/2 binding energy peaks are at 1021.56 eV for Inconel-600,
and 1021.66 eV for 316 SS. It is expected that the 2p3/2 is actually two overlapped
peaks. However, its shape suggests that the two peaks may be close in energy. As Figure
4.8 shows, the E2 peak corresponds to the coordinates of zinc oxide, ZnO. However, no
zinc compound seems to fit peak E2. Since all the zinc compounds that may be found in
the corrosion film have L3M45M45 Auger kinetic energies barely over 1 eV, it is likely
that the ESCA apparatus used for the analysis was not properly calibrated to make
measurements within such a small range at low energy. This could lead to a
measurement error of a few eVs out of almost 500 eV, which is sufficient to make this
measurement unreliable.
The difference in the two Auger electron kinetic energies provides more reliable
data, since the energy difference should not suffer any linearity problem over such a short
energy range. Table 4.7 shows that the energy difference was 2.62 eV for Inconel, and
2.52 eV for stainless steel. Referring to Figure 4.8, the following energy differences are
observed: zinc metal and zinc oxide are separated by 3.6 eV and zinc oxide and zinc
hydroxide are separated by -1.5 eV. However, zinc ferrite, ZnFe204 (not mentioned in
Figure 4.8) and zinc hydroxide, Zn(OH)2 are separated by -2.8 eV [2]. It would not be
surprising that zinc precipitates within the crud as zinc ferrite, and reacts on the corrosion
film to form zinc hydroxide. If two zinc compounds are present on the sample surface in
the same proportion, then the binding energy peak might be an overlap of two peaks (one
at higher energy than 1021.5 eV, the other one at lower energy). Zn(OH)2 (2p3/2 peak at
-1022.7 eV) and ZnFe204 (2p3/2 peak at -1021.2 eV) are possible candidates. Further
SEM investigations would be valuable to determine the extent of loose crud deposit
removal.
Byers and Jacko [2] measured electron kinetic L3M45M45 energies around 989 -
990 eV, which corresponds to zinc sulfide. However, since no sulfur was detected on
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their samples, this compound was rejected. Improper calibration might also have affected
the accuracy of these data. No double peak measurement was mentioned in this paper.
*Other elements:
Again, for both samples, the photoelectron binding energies for chromium, iron
and nickel were similar, and quite consistent with those measured in reference [2] on
Inconel samples exposed to zinc. In this paper, the average chromium 2 p3/2 binding
energy for samples exposed to zinc was 576.63 eV, and the non-zinc samples had an
average binding energy of 577.15 eV. Our measurements were 576.4 eV and 576.7 eV
for Inconel and Stainless steel. Byers and Jacko [2] did not detect any effect of zinc on
iron and nickel binding energies, which means that zinc did not affect the chemical
environment of iron and nickel in the oxide film. The average binding energy was 711.26
eV for iron 2 p3/2, and 855.48 eV for nickel 2 p3/2. Our measurements on the Inconel
sample are identical. On 316 SS, these binding energies were slightly higher. The iron
binding energies fall between 711.9 eV for FeOOH and 711.0 for Fe203 [8]. According
to reference [2], nickel carbonate, or a mixture of nickel hydroxide and nickel oxide [7]
could produce these nickel binding energies.
*Oxide composition:
Table 4.9 shows that zinc buildup is quite significant on the 316 SS and larger
than for Inconel. Table 4.10 shows that the oxide film is iron-chromium rich for 316 SS
and nickel-chromium rich for Inconel-600. However, both oxides are depleted in the
main element of the underlying material (in nickel for Inconel and in iron for stainless
steel). The chromium content in both oxides is significantly higher than in the underlying
metal, and is larger in the stainless steel oxide film.
The zinc uptake measured in the Inconel-600 oxide is remarkably consistent with
the correlation between Fe/Ni ratio and zinc concentration reported in reference [2] (see
Figure 3.36). Our Inconel sample has 14% zinc (normalized to the main alloy
constituents) for an Fe/Ni ratio equal to 0.47 (see Table 4.9). However, our Cr/Ni ratio,
equal to 0.94, does not validate the correlation between Cr/Fe ratio and zinc concentration
reported in the same paper (See Figure 3.35).
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It has to be emphasized that the chromium contents measured in both samples are
remarkably high. This tends to indicate that it is the inner oxide layer (which is known to
be rich in chromium) that has been analyzed. Previous analyses of PCCL samples using
a Scanning Transmission Electron Microscope (STEM) showed an inner layer containing
up to 70% chromium [9]. Our previous SIMS analyses showed a chromium
concentration peak around 24% for stainless steel and 28% for Inconel-600 (see Figures
4.6 and 4.7)
Conclusion:
The data acquired from ESCA analyses of 316 SS and Inconel-600
preconditioning samples were generally consistent with previous analyses of samples
exposed to zinc-containing water reported in reference [2]. The 2p3/2 photoelectron
binding energy and L3M45M45 Auger electron kinetic energy measurements were
identical for both Inconel and stainless steel, suggesting that zinc gets deposited in the
same manner for both materials. The only measurements inconsistent with reference [2]
were the Auger electron kinetic energies, where double peaks were measured for both
stainless steel and Inconel samples. The double peak is either an artifact, or it implies the
existence of two different zinc compounds. The latter is likely if some of the crud crystal
deposits remained on the sample surface. Then, zinc is present in the film as zinc oxide
(ZnO) and another compound whose binding energy measurements have not been
reported in the literature. Another possible combination is ZnFe204 and Zn(OH)2
assuming that the ESCA apparatus was slightly mis-calibrated.
It is important to recall that reference [2] measured a significant reduction of
corrosion film thickness with zinc in solution. Our ESCA measurements show that the
oxide films developed with zinc on the PCCL 316 SS and Inconel-600 preconditioning
samples are similar (same binding energies for the alloying elements) to those developed
in the successful experiment reported in reference [2].
4.2.4. Conclusion
The SEM photographs of the of SS and Inconel preconditioning samples did not
show any significant effect of zinc on outer oxide layer growth. This is not surprising
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since these outer layers were well developed once the 500-hour-long prefilming run was
completed. Zinc injection in BWR environments [11] was shown to have little effect in
reducing oxide growth once the outer layer was developed in a zinc-free environment. In
both BWR and PWR environments, zinc significantly mitigates the corrosion rates when
it is injected at the very beginning of oxide film formation. In this case, the beneficial
effect of zinc is based on the almost total suppression of the outer layers. For Inconel
samples in a simulated PWR environment, SEM pictures showed that zinc suppressed the
characteristic needle-like network outer layer [1]. As a result, for the PCCL zinc
injection run, the possible beneficial effects of zinc on corrosion rate are not expected to
be significant.
Descaling and SEM-EDS analyses showed that the reference run (PBR run) was
contaminated with zinc. Only ten times more zinc was found on the zinc run samples
than on the PBR samples by descaling. By the end of the zinc preconditioning run the
outlet zinc level was equal to the inlet so this suggests that the oxide layer was "saturated"
with zinc and the samples were representative.
SIMS analyses showed that zinc and cobalt have the same profile through the
oxide film. Both accumulate at the boundary between the inner and the outer oxide
layers. This was previously noticed in experiments were zinc was introduced at the very
beginning of the oxide film formation [6].
The characterizations of the zinc deposit using ESCA did not result in an
unequivocal determination of the chemical form of zinc. The chromium, iron, and nickel
deposits are similar in the zinc run preconditioning sample to those found on oxide films
where growth was reduced by zinc injection [2].
In the zinc run pretreatment, zinc seemed to behave in a manner consistent with
other out-of-pile experiments where this species mitigated corrosion. However, because
of the development of the outer oxide film prior to zinc injection during pre-filming, and
because of the zinc contamination of the PBR pretreatment run, the oxide film in the zinc
and PBR runs may be similar in thickness and elemental composition. In other words,
the PCCL loops that started the zinc and PBR irradiation test might have had similar
corrosion deposits on their piping surfaces.
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4.3. IN-PILE IRRADIATION RUN
This section deals with a synthesis of the results of the PCCL zinc injection
irradiation run which are presented in Kevin Hsueh's thesis [4]. New interpretations are
also developed in this work.
Following pre-treatment, the loop sections are assembled and inserted in the
MITR-II (5 MW research reactor) (See Figure 4.12). After the irradiation test, the entire
primary circuit was removed for analysis. With the exception of the Zircaloy U-tube
which could not be retrieved from the heater bath, all tubing was assayed directly for
activity per unit area of all important gamma emitters using a HPGe gamma detection
system. After being gamma scanned, tubing segments were cut and descaled. Following
descaling, the oxides removed from the tubing were analyzed for chemical composition
using an Inductively-Coupled Plasma (ICP) emission spectrometer. The surface
morphology of the tubing specimens was examined by scanning electron microscope
(SEM). Finally the loop component activity and corrosion product deposit data obtained
from the zinc injection run and the previous PBR run at the same pH but without zinc
injection [5] were analyzed and compared to examine the effectiveness of zinc addition to
reduce corrosion and activity deposition.
This section presents the most relevant data that were acquired and presented in
reference [4]. Further interpretations are developed. It has to be stressed that the activity
measurements, unlike the oxide composition measurements using descaling techniques,
are accurate and reliable. Dissolved water species concentrations are also accurately
measured, using ICP.
4.3.1. Run conditions
The chemistries of the zinc and PBR runs are displayed in Tables 4.1 and 4.2.
The chemistry parameters (except for zinc concentration) were generally maintained
within the target envelope throughout both runs. Zinc concentration was not monitored
during the PBR run. Some uncertainties arose regarding the zinc concentration in the
zinc run. The zinc concentration of the loop water was measured using a let-down line
that collected loop water at a flow rate of 275 cc/hr (see Figure 4.12 for locations of the
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zinc injection system and discharge line). The zinc concentration in the daily samples
turned out to vary significantly according to the sampling position (see reference [4] for
details). For the first two weeks, samples were taken at only one location on the
discharge line (position A). Afterwards, the use of other discharge locations downstream
on the discharge line showed that zinc was absorbed heavily along the line, and that the
zinc concentration measured at position A may have been significantly less than that of
the loop water. Consequently, an assessment of the zinc concentration in the loop can be
schematically represented by Figure 4.13. Over the first 13 days, zinc concentration
increased up to 20 ppb. Then, the zinc injection flow rate was decreased, and zinc
concentration within the loop was around 20 ppb over the last week.
4.3.2. Results
4.3.2.1. Activity buildup and waterborne species
Comparisons of the surface activities between the zinc and PBR runs are given in
Table 4.11. Table 4.12 gives the ratio of zinc run to PBR waterborne species, derived
from analysis of the let-down ion exchange resin. Note that the zinc run had only three
times more zinc in its coolant than in that of the PBR run. The zinc contamination of the
PBR run reduces the amplitude of the possible beneficial effect of zinc. Other important
observations on waterborne species is that iron tended to be less activated in the zinc run,
whereas the opposite is true for zinc. The iron concentration is similar in the two runs,
but the waterborne Fe-59 activity is more than 6 times lower in the zinc run. Conversely,
the waterborne Zn-65 activity is 43 times higher in the zinc run for a zinc concentration
only 3 times higher. One possible explanation is that the fuel deposit was in between the
two runs with zinc substitutions for iron on the zinc run Zircaloy deposits. Remember
that the Zircaloy tubing was not mounted on the loop during the zinc-free prefilming run,
but only for zinc preconditioning run.
These differences in waterborne Zn-65 and Fe-59 activities between the two runs
are consistent with the deposited amounts of the species.
211
End of the irradiation
run
Elapsed time (days)
Figure 4.13 Assessment of zinc concentration in the main circulating loop water during
the Zinc Run irradiation test.
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Table 4.11 - Comparison of PBR and Zinc Runs [4].
Table 4.11 .a - Ratio of Zinc to PBR Surface Activities
Radionuclide On S/G (Inconel) On Plena (316SS)
Co-58 2.0 0.77
Co-60 1.6 0.72
Mn-54 1.0 0.56
Fe-59 0.94 *
Zn-65 3.5 11.9
* Both PBR and Zinc data are lower than detection limit.
Table 4.11 .b - Ratio of Zinc to PBR Total Activities.
Radionuclide Total On All Components Except Zircaloy Core
Co-58 1.3
Co-60 1.3
Mn-54 0.62
Fe-59 0.33
Zn-65 5.3
Table 4.12 - Ratio of Zinc to PBR Waterborne Species* [4].
Species ] Ratio
Co-58 1.6
Co-60 2.2
Mn-54 0.56
Fe-59 0.16
Cr-51 <1.0
Zn-65 43
Fe 1.0
Ni 0.46
Cr 4.9
Co 1.7
Zn 3
* Inferred from total material collected by letdown IX resin.
213
Table 4.11 shows a beneficial but limited impact of zinc on the activity buildup
(Zn-65 excepted) on stainless steel, as opposed to a somewhat detrimental effect on
Inconel. An even more beneficial effect of zinc on stainless steel might have been
measured if the stainless steel plenum surface was not roughened (which is expected to
result in higher corrosion product deposition). Moreover this better result for stainless
steel coincides with a higher relative deposition of Zn-65.
Finally, the dissolve chromium concentration in the loop water was five times
higher in the zinc run compare to that in the PBR run. The source of Cr-51 is mainly the
corrosion of Zircaloy. Therefore, Cr-51 activity does not reflect any change in release of
chromium from out-of-core piping.
4.3.2.2. Corrosion product deposition
SEM pictures show that a significantly higher density of crystalline deposit is
present on the Inconel and stainless steel sample surfaces after the irradiation run
compared to the preconditioning run. The SEM pictures for both PBR and the zinc run
are similar. As already mentioned, the corrosion product deposition data obtained by
descaling are difficult to interpret due to possible run to run differences in descaling
efficiency. Under the same descaling conditions, more than 77% of the Co-60 was
removed from the PBR sample in 5 minutes descaling; however it took 1 hour to remove
only 43% of the Co-60 activity from the zinc sample.
In reference [11], a zinc effect on decontamination was also reported. This paper
reports a beneficial effect of zinc injection on corrosion and Co-60 buildup in a simulated
Pressurized Heavy Water Reactor environment. The material on which zinc affected the
decontamination efficiency was 410 SS (-12.5% Cr, no Ni). In this case, the zinc-
exposed coupons where easier to descale than those exposed to the zinc-free
environment. This was attributed to the lower Cr in the zinc-rich outer oxide (12-16%
Cr) compared to the zinc-free oxide (30% Cr). According to the authors, using their
decontamination technique, CAN-DECON®, chromium-rich oxides are harder to remove.
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Therefore a reason for the harder decontamination of the zinc run Inconel post-
irradiation samples could have been an outer film enriched in chromium. This can also
been explained by a thinner outer layer. Then, the proportion of chromium-rich inner
layer is higher in the bi-layer oxide film.
4.3.3. Conclusion
The zinc injection run showed no beneficial effect of zinc on activity build-up at
pH(300"C) = 7.2. However, it is difficult to draw definite conclusions about zinc
injection effects on activity buildup for the reasons summarized below. First, as
discussed above that the pretreated loops for both the zinc and PBR runs may have had
very similar corrosion product deposits at the beginning of the irradiation test. Literature
sources indicate that if zinc injection had been initiated on bare metal (rather than after
pre-filmifig as in the zinc run case) much more dramatic effects on corrosion rate and
activity build-up would have been expected. Second, a non-negligible concentration of
ionic zinc was present in the PBR run, since only three times more dissolved zinc was
measured in the zinc run loop water (through deposition in the ion exchange column)
compared to that of the PBR run. If the average zinc concentration during the zinc run is
assessed around 10 ppb, then the average zinc concentration during the PBR run was
around 3-4 ppb. It is known that 5 ppb of zinc inhibits corrosion when injected at the
very beginning of the oxide film growth in high-purity water under reducing conditions
[6]. It is therefore possible that benefits of zinc injection were realized in the PBR run.
The largest activity buildup differences between the two runs involve Zn-65 and Fe-59.
There is 43 times more Zn-65 in the zinc run despite the much more modest difference in
chemical zinc concentration. There is 6 times less Fe-59 in the zinc run although the
chemical Fe concentrations are similar. A possible explanation is that the oxide film
deposited on the irradiated Zircaloy U-tube tends to absorb more zinc and less iron in the
zinc run than in the PBR run (different oxide film structures). Oxide present on Zircaloy
before the irradiation test developed during preconditioning only, and therefore Zircaloy
was exposed to zinc without any pre-exposure to a zinc-free environment.
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4.4. CHAPTER SUMMARY
The zinc-free prefilming for the zinc run and zinc content of the PBR reference
run make it difficult to draw definite conclusion about any beneficial effect of zinc
injection an activity buildup. The zinc-free prefilming run was aimed at developing a
zinc-free corrosion film on the loop surface, so that the MIT zinc injection run, simulated
zinc injection in PWR plants which have operated without zinc, and which initiate zinc
injection without prior decontamination. Decontamination is supposed to dissolve the
outer layer of the duplex corrosion film. BWR experience with zinc injection shows that
zinc reduces activity buildup after decontamination of the primary circuit [12], but also
that zinc has little beneficial effect on corrosion film growth when injected once the outer
layer is already well developed. As mentioned in Chapter 3, the beneficial effect of zinc
in both PWR and BWR environments is related to reductions in outer oxide layer growth.
Consequently, zinc is expected to have significantly higher beneficial effects on oxide
growth when it is injected at the very beginning of oxide film growth or after
decontamtination of existing films. This was not the case the zinc run performed at MIT.
However, zinc deposition in the oxide film is consistent with what is described in
the literature. SEM-EDS investigation showed that zinc was deposited on the oxide film
and is barely present in the deposited crud crystal. Zinc was deposited at the boundary
between the inner and outer oxide layers, with a profile identical to that of cobalt. ESCA
analyses were not precise enough to reveal the chemical form of zinc deposited in the
corrosion film. However, chromium, iron and nickel are deposited in the same forms as
those observed in experiments were zinc injection turned out to be beneficial on corrosion
film growth [2].
The main observable differences between the zinc and PBR irradiation runs are
based on the activation of zinc and iron. Zinc tended to be more activated, and iron less
activated in the zinc run compared to the PBR run. This is believed to be due to
differences in the Zircaloy oxides formed in the two runs. Unfortunately, this cannot be
verified directly because the zinc run Zircaloy tubing could not be retrieved following the
irradiation run.
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CHAPTER 5
ZINC EFFECT ON ELECTROCHEMICAL POTENTIAL:
EXPERIMENTAL OUTLINE
5.1. INTRODUCTION
The following sections deal with the series of runs that was undertaken in an
attempt to study the effect of zinc injection on the electrochemical potential (ECP) of
Inconel-600 in PWR environments. First, the conditions of each run are displayed and
objectives outlined. In practice, because of technical difficulties, the first of these three
runs (pH(300*C) = 6.8) had to be carried out at least 4 times before getting reliable data.
This prevented the completion of the original projected test matrix. The high
temperature, high pressure loop built for this project is described, along with the
instrumentation. Particular focus is paid to the electrochemical cell (electrodes and
autoclave design). Finally, the last section deals with the chemical measurements and
zinc decontamination techniques.
5.2. TEST MATRIX
This project was undertaken after the first in-pile zinc injection in a simulated
PWR primary system environment was carried out at MIT. This irradiation test showed
no beneficial effect of zinc on contamination as discussed in Chapter 4. However, the
literature showed that zinc is expected to mitigate corrosion and radiation buildup (see
Chapter 3). One of the original goals of this thesis was to understand the unexpected
result of the in-core test. Although some possible explanations were developed in
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Chapter 4, it was of importance to carry-out the ECP zinc injection runs close to the
conditions of the first MIT run, so that any interpretation of the data would be applicable,
to the in-pile experiment. This influenced the choice made for the lithium/boron
chemistry.
The first set of runs was dedicated to the measurement of the effect of zinc on the
electrochemical potential (ECP) of Inconel-600. Steam generators of current PWRs are
made of Inconel-600, and it is by far the predominant material of the primary circuit. The
qualitative impact of zinc on the ECP is of interest to classify ionic zinc as a corrosion
inhibitor (assuming that zinc mitigates corrosion). As discussed in Chapter 2, there are
three types of inhibitors. Each type of inhibitor has an impact on either the cathodic
reaction (cathodic inhibitor), on the anodic reaction (anodic inhibitor), or on both (mixed
inhibitor). Regarding the passivation of Inconel-600 in PWR environments, the cathodic
reaction is mostly the reduction of water to hydrogen, and the anodic reaction consists of
the oxidation of the Inconel alloy.
A'chemical parameter believed to be important was the lithium/boron chemistry,
which determines the pH. The PCCL runs and commercial reactor experience show that
contamination and corrosion are significantly affected by pH. At pH(300"C)= 6.8,
corrosion and deposition is more extensive, and therefore the possible impact of zinc on
the corrosion process was expected to be easier to detect than at pH(300"C)=7.2 where
PCCL data showed a minimized corrosion.
The test matrix for the ECP measurements is given in Table 5.1. The MIT in-pile
zinc injection was carried-out with 800 ppm of boron, and 3 ppm of lithium,
corresponding to pH(300"C)=7.2. Consequently, the exact same chemistry was selected
for the run dealing with this pH (Run #3). The pH of the two other runs was set up using
a decreasing concentration of lithium, keeping a constant boron concentration at 800
ppm.
Hydrogen is injected in the conditioning tank water in order to have a hydrogen
overpressure of 5 psi in the tank. Empirically, using the equipment available (tank and
gas pump - see next section), this overpressure was high enough to decrease the water
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Table 5.1 - Conditions of the ECP runs
Parameters Run #1 Run #2 Run #3
Temperature ("C) 300 300 300
Pressure (psi) 2250 2250 2250
Lithium (ppm) 1.134 1.875 3
Boron (ppm) 800 800 800
pH (300"C) 6.8 7.0 7.2
Conductivity 12 20 37
(gS/cm at.25"C)
Hydrogen (ppm) 2.16 2.16 2.16
Oxygen (ppb) <5 <5 <5
Flow rate (cc/hr) 250 250 250
Zinc concentration at 50 50 50
the outlet (ppb)
Note : The initial chemistry of each run does not contain zinc. Once the ECP in the zinc-
free environment is stabilized, then zinc is injected in the loop feedwater.
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oxygen content below 5 ppb. The resulting hydrogen concentration can then be easily
calculated using Henry's law. The calculation done to assess the water hydrogen
concentration from the hydrogen overpressure is given in Appendix B.
The flow rate is close to the charging/letdown flow rate used during the in-pile
zinc injection run (275 cc/h). Moreover, since the loop used in these experiments
operates in a once through mode, using a 50-liter conditioning tank, a rather low flow rate
had to be selected, not to empty the tank too quickly.
For each run, the starting chemistry contains less than 1 ppb of zinc (ICP
detection limit for zinc using the ultrasonic nebulizer). Once the ECP is stabilized, zinc is
injected to meet the concentration target of 50 ppb at the outlet of the loop. Then, with
the zinc concentration well controlled, the resulting stabilized ECP is measured.
Following the ECP measurement run, the acquisition of polarization data on the
Inconel-600 alloy at these three pHs, with and without ionic zinc was planned.
Polarizatibn experiments lead to the derivation of the Evans-diagrams of the alloy in each
environment. Anodic polarization data gives the passivation current of Inconel, and
therefore would have answered the question regarding the impact of zinc on corrosion
rate. Cathodic polarization would have revealed changes in the kinetic diagram for the
water reduction. Then, comparing the polarization data acquired at the same pH, with
and without zinc, the effect of zinc on corrosion along with a definitive classification of
zinc as a corrosion inhibitor would have been possible. The electrochemical cell of the
loop was set up to comply with the design requirements of the polarization test.
Unfortunately, these tests could not be conducted because of time constraints during the
present work.
5.3. EXPERIMENTAL FACILITY
The loop facility used for the ECP measurement is displayed in Figure 5.1. It is
composed of the main, once-through, high-temperature, high-pressure loop, an auxiliary
low pressure measurement loop and an oxygen recombiner circuit, which all start from
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(type 316 stainless steel)
Low pressure nylon piping
Zinc Tank
the conditioning tank. Finally, the zinc injection is carried out using a separate line
entering the main loop downstream of the main charging pump.
5.3.1. Water conditioning
The conditioning tank, made of polyethylene, contains the zinc-free chemistry:
50 liters of high-purity de-ionized water to which were added dissolved boric acid
(H3BO3) and lithium hydroxide (LiOH) to comply with the lithium and boron
concentration targets. Once the chemistry was made, the boron, lithium and zinc
concentrations were measured using an Inductively-Coupled Plasma (ICP) spectrometer.
Using an ultrasonic nebulizer, the ICP detection limit for zinc was assessed to be less
than 1 ppb. Acceptable chemistry had to comply with a zinc concentration below this
detection limit .
Hydrogen gas (grade 5) was injected into the water, and 5 psi (0.34 atm) of
overpressure was maintained in the tank using a pressure regulator on the hydrogen gas
bottle. This leads to a hydrogen-saturated tank at 1.34 atmospheres absolute pressure. As
mentioned above, Appendix A gives details of the calculation of dissolved hydrogen
concentration in the water. Continuous hydrogen gas flow is maintained, with a small
amount of gas released from the tank through a bubbler (See Figure 5.1). A constant
flow of hydrogen gas is necessary to remove oxygen which differs through the tank and
tubing walls. Using bubbling only, the oxygen content has been measured as low as 20
ppb. This 20 ppb is still above the concentration limit of 5 ppb. To meet the oxygen
concentration requirement, a recombiner loop was added. It consists of a gas pump to
circulate the tank cover gas through a catalytic recombiner. The recombiner is a Teflon
coated platinum ceramic catalyst made by AECL. In the recombiner, the oxygen reacts
with hydrogen to form water. Using this additional technology, the oxygen level can be
reduced to 1 ppb.
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5.3.2. Control loop
The control loop is a closed loop operating at tank pressure, and is used to
measure the oxygen concentration and conductivity of the water which is injected in the
main loop. Tank water is circulated continuously through an oxygen concentration meter
(oxygen Orbisphere) and a conductivity meter. The oxygen Orbisphere needs a flow rate
of at least 100 cc/mn to operate properly, therefore it could not be installed along the
main loop (flow rate of 250 cc/hr), and required the use of the auxiliary loop using a
small gear pump made by Micropump. The flow rate of this loop was approximately 150
cc/mn.
5.3.3. Main loop
The main loop operates in a once through mode in order to have a constant and
precise chemistry, and to avoid accumulation of corrosion products in the water with
time. The high pressure section is between the outlet of the high pressure pump, and the
back pressure regulator. The pressure regulator was set to maintain 2250-2500 psig.
Before the high pressure pump, the pressure equals the tank pressure (6 psi), and after the
back pressure regulator, the pressure is at approximately atmospheric pressure. The high
pressure part was built using type 316 stainless steel tubing of 1/8 inch and 1/4 inch
diameter.
The hot section of the loop is shown in Figure 5.2. It comprises the heating
section, the electrochemical cell, and a heat exchanger. A detailed description of the
electrochemical cell (autoclave and electrodes) will be given in the next section.
The water was kept at a constant temperature of 300"C using heating tapes. In
order to have enough heat flux, a 1/4" stainless steel tube was inserted inside a 2"
diameter aluminum cylinder around which the heating tapes were wrapped. A conductive
contact was maintained between the stainless steel tube and the aluminum cylinder using
high temperature conductive grease. The power provided to the heating tape was
regulated by an Omega heater controller CN9000 to which the thermocouple inside the
electrochemical cell was attached. The controller parameters were set to maintain
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300"C±l"C continuously in the autoclave. To limit heat losses, the entire hot section
insulated with approximately 4 in. of mineral wool insulation.
Downstream of the hot section, the water was cooled in a single annular tube heat
exchanger. The heat exchanger is 15 cm long with the autoclave letdown water on the
tube side and the cooling water on the shell side.
Finally, downstream of the back pressure regulator, at atmospheric pressure, an
in-line conductivity meter was installed. This mete was used to continuously monitor the
letdown chemistry to ensure that the target parameters were met.
5.3.4. Electrochemical cell
A detailed schematic of the electrochemical cell is given in Figure 5.3. Only two
electrodes are shown on the schematic to make it clearer. The actual setup can contain up
to four electrodes. One of the electrode positions is occupied by a thermocouple with a
316 SS sheath. This provides temperature measurements in the autoclave volume and the
sheath can be used as a working electrode. As discussed above, feedback control of the
heater power is used to maintain the autoclave temperature at 300 ± 1I C. The
electrochemical cell comprises an autoclave and the electrodes.
5.3.4.1. The autoclave
The autoclave is composed of a 3/8" pipe T, a 4"-long nipple, a union, and a
Conax type TG feedthrough fitting, all made of type 316 stainless steel. The design was
chosen to minimize the size of the assembly in order to avoid large reductions in flow
velocity compared to the rest of the loop. However, the autoclave had to be large enough
to contain the various electrodes used without contacting each other.
The pressure seal for the metal electrodes and thermocouple is provided by the
Teflon gland of the Conax fitting. Such a pressure seal is quite reliable, even when the
Conax assembly is in contact with high temperature water. However, when the loop is
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shut down, the temperature decrease usually leads to a failure of the seal (leak), requiring
additional tightening of the Conax. This can damage the Teflon insulation of the
electrodes and produce short circuits. Moreover, after exposure to high temperatures, the
Conax assembly is difficult to take apart, and the lower ceramic spacer is sometimes
damaged in disassembly.
Consequently, to be able to use the same Conax assembly several times, and to
avoid leaks during temporary shutdowns, the autoclave is designed to provide cooling for
the Conax assembly. Using a nipple and a union, the Conax was located 3" above the hot
region. The union is wrapped with 1/4" copper tubing through which cooling water
circulates. In order to limit any convection problem the Conax assembly was located
below the hot region (see Figure 5.2).
Finally, to ensure that the electrode tips do not short- circuit, a ceramic spacer was
added at the bottom of the electrode assembly (see Figure 5.3).
5.3.4.2. The electrodes
The goal of this series of experiments was to measure the effect of zinc injection
on the corrosion potential (ECP) of Inconel-600 in various PWR chemistries. Therefore,
the electrode assemblies include an Inconel-600 wire in addition to the thermocouple and
reference electrodes. One reference electrode was a palladium wire, and the other was an
external reference Ag/AgC1 electrode, whose tip was positioned closed to the Inconel-600
electrode surface (see Figure 5.3). The Inconel-600 wire, 1 mm in diameter, was ordered
from Goodfellow®. It is composed of 72% nickel, 16% chromium, and 8% iron (weight
%). A new piece of Inconel-600 wire was used for each run. The working surface is
mechanically cleaned using 600 grit SiC abrasive and rinsed with de-ionized water. The
thermocouple has a 1/16" diameter outer sheath of 316 SS.
External silver/silver-chloride reference electrode:
One of the two reference electrodes was an external silver/silver-chloride
(Ag/AgCl) electrode with 0.1N KCl electrolyte solution fabricated at MIT. Its design
was developed by Peter Andersen at the GE corporate Research and Development
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Laboratory and has been used in previous work at MIT. Figure 5.4 [1] shows the basic
design which consists of a zirconia plug as the semi-porous ionic conducting path, a
Teflon heat shrink tube (which houses the Ag/AgC1 electrode, the KCl fill solution and
the zirconia plug,) and a Conax fitting which provides the pressure seal. This Ag/AgC1
electrode is denoted "external reference" since the Ag/AgCl interface is at room
temperature. Other Ag/AgCl electrode designs position this interface at the working
temperature. These are called internal silver/silver-chloride electrodes. The
electrochemical potential of a 0.1N KC1 filled external Ag/AgC1 reference electrode is
corrected to SHE by the following expression [2]
E (mV, SHE) = Emeasured (mV)+ 286.637 - 1.003217 x (T - 25)
+ 1.7447 x 10-4 x (T - 25)2 - 3.03004 x 10-6 x (T-25)3  (5-1)
where T is the temperature in degrees Celsius. The medium in which the Inconel-600
ECP measurements are made is at 300"C. At T = 300"C, Equation 5-1 becomes:
E (mV, SHE) = Emeasured (mV) - 39.07 (5-2)
A key feature of the external reference electrode is that the electrochemical
reaction occurs at room temperature while the system measured is at PWR operating
temperature and pressure; hence it is vital that the silver rod be maintained at room
temperature. This is accomplished by distancing the chloridized silver rod from the semi-
porous interface by about 20 cm. To reduce convective heat transport to the electrode
reaction surface, the electrode is bent down so that the silver rod is lower than the
zirconia tip (see Figure 5.2). Assembly instructions for this reference electrode are given
in Appendix C.
Palladium reference electrode:
The second reference electrode consists of a 1 mm diameter palladium wire.
Palladium was expected to be an inert material in the autoclave environment. An inert
electrode acts as an electron-transfer medium. Anodic and cathodic reactions take place
spontaneously at different surface locations, with electrons moving freely through the
metal from oxidation to reduction sites. Under PWR hydrogen overpressure
environments, palladium like platinum is believed to be a reversible hydrogen electrode.
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Figure 5.4 - Schematic of the external silver/silver chloride reference electrode[1].
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The electrochemical reaction taking place on the electrode surface is the hydrogen
equilibrium reaction:
2H+(aq) + 2e- = H2(aq) (5-3)
The electrode is said to be "reversible" when the anodic half-reaction on an electrode is
simply the reverse of the cathodic half-reaction.
Under a stoichiometric excess of hydrogen, the palladium reference electrode
potential was expected to be close to that of the platinum reference electrode potential.
The latter with respect to SHE is given by the Nernst relation [3]:
EPSHE 1.985 x 0xTx pH+1og 2 (5-4)2 1000 x K H2
where:
T is the temperature in K,
(H2) is the dissolved hydrogen concentration (ppb) in excess of stoichiometric 02 and
KH2 is the hydrogen solubility coefficient (ppm/atm) given as [3]
KH2 = 1.24 x 10-4 [T("F)]2 - 9.307 x 10-2 [T("F)] + 21.298 (5-5)
The environment in which the ECP runs take place is such that:
T = 5720 F (3000C),
(H2) = 2.16 ppm (see Appendix B for calculation),
pH = 6.8.
Consequently, using Equations (5-4) and (5-5), the expected potential of platinum (and
therefore of palladium) is EPt/SHE = -705 mV.
However, some uncertainty regarding the inert property of the palladium electrode
potential was raised after the completion of the ECP measurements. This will be
discussed in the next chapter. Hydrogen ions may oxidize palladium to form palladium
hydride.
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5.3.5. Zinc injection system
Zinc was injected into the loop through a separate line connected to the high
pressure part of the main loop (see Figure 5.1). The solution in the 10-liter zinc tank
contains 1 ppm of ionic zinc, and the same lithium and boron concentrations as in the
conditioning tank. Ionic zinc was introduced in solution by dissolving zinc borate
powder. Hydrogen gas was injected as in the conditioning tank with pressure at 6 psi in
the tank, and bubbler to ensure a continuous supply of hydrogen gas. However no
recombiner catalyst was used to decrease the oxygen content below 5 ppb, but it can be
assumed that the oxygen content in the zinc tank water was below 20 ppb, since the total
tank wall surface area is significantly less than for the 50-liter main tank.
A high pressure micro pump with a flow rate ranging from 1.5 to 90 cc/h was
used for the injection. The maximum zinc concentration at the inlet was set at 100 ppb in
order to remain below the solubility limit for zinc at 300'C. Therefore, the maximum
flow rate of the zinc injection was a tenth of 250 cc/h, that is to say 25 cc/h. It is
important to note that, consequently, the oxygen concentration increase due to zinc
injection at maximum flow rate was less than a tenth of 20 ppb (i.e. < 2 ppb).
To limit the contamination of the loop with zinc, it was desirable to inject zinc as
close to the electrochemical cell as possible. However, zinc injection right into the hot
section would have led to precipitation of zinc in the injection line. Therefore, the
connection point between the injection line and the main loop was established at the
outlet of the charging pump, upstream from the heated section.
An important motivation for this design was the limitation of zinc contamination.
After one zinc injection at a given pH, other ones were scheduled at different pHs. Prior
to zinc injection, zinc-free conditions must be established. Therefore, zinc contamination
was an issue, and it was important to minimize the portion of the loop in contact with
zinc during injection to facilitate decontamination. Consequently, a separate zinc
solution was prepared, and the zinc injection line was connected as close to the hot
section as possible, as already mentioned. As a result, the conditioning tank and the
auxiliary loops were always maintained zinc free. The decontamination technique used
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to clean the loop is described in one of the following sections of this chapter. Moreover,
using a separate injection line enables to vary easily the zinc concentration in the main
loop water.
5.3.6. Data acquisition system
The data acquisition system used a 486DX-33 IBM PC compatible computer and
a CIO-PC2A IEEE interface card (Computer Boards, Inc., Mansfield, MA). The data
acquisition program was written using the Labtech Notebook software package (Labtech
Corp., Wilmington, MA) The ECP potentials were measured using a Hewlett-Packard
3457A Digital Multimeter and supplied to the data acquisition system through the IEEE
interface. The input impedance of the 3457A is 10 G Q. High input impedance is
necessary to minimize the current flow in the electrodes, which can affect the measured
ECP.
5.4. EXPERIMENTAL PROCEDURE
Each ECP run was, ideally, to be carried out according to the following
procedure. Unfortunately, in practice, many unexpected complications occurred, as will
be reported in the following chapter.
(1) Once the coolant for the conditioning and zinc tanks is prepared, samples of both
solutions are tested using ICP. Lithium, boron and zinc concentrations are measured and
must comply with the concentration targets (no detectable zinc can be present in the
conditioning tank solution).
(2) The two tanks are connected to the loop system, hydrogen is injected, and the control
loop for the conditioning tank is started. Once the oxygen concentration of the main tank
is below 1 ppm (usually after about one day), the gas pump is turned on, rapidly reducing
the oxygen concentration to its minimum level (normally less than 5 ppb ). The gas
pump cannot be turned on when the water oxygen content is above 1 ppm since this
would lead to overheating of the recombiner.
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(3) The charging pump is turned on, the loop is flushed until the outlet conductivity
stabilizes at the target value. The conductivity values for the planned Li and B contents
are taken from reference [4]. For the first two runs, there was no conductivity meter at
the outlet. The loop was simply flushed for several hours.
(4) The loop is pressurized to 2250 psi (15.5 bar) and the heaters are turned on.
Temperature generally stabilizes at 300"C within 2 hours.
(5) Outlet samples are taken every 12 hours. Lithium, boron, and zinc concentrations are
measured. Depending on the history of the piping (chemistry of the previous run carried
out using the loop, prior decontaminating cleaning, etc.), the time required to have outlet
boron and lithium concentrations close to those in the conditioning tank may vary
significantly in large systems. However, the hot section of this loop is so small that less
than a day was usually necessary for what is called the loop conditioning period. Once
the outlet chemistry and the ECPs are stable for a day or two, zinc injection is initiated.
(6) Since ionic zinc is significantly absorbed by the zinc-free corrosion film developed in
the hot section of the loop, the zinc injection starts at 100 ppb of zinc in the feed line even
though the outlet concentration target is 50 ppb. With time, the film zinc content
saturates and net removal of zinc from the water stops. Once the zinc concentration
reaches about 40 ppb, the zinc injection flow rate is gradually decreased to produce 50
ppb inlet zinc concentration, and the outlet then stabilizes at this level..
(7) Once the chemistry has stabilized, conditions are maintained until the ECP has
reached a stable value.
5.5. LOOP DECONTAMINATION
Before beginning the first ECP run, all the components of the control loop were
taken apart and cleaned using DI water and acetone. Small, high pressure components of
stainless steel, were cleaned using the following descaling technique. The stainless steel
pieces are placed in a beaker containing a 5% (weight) nitric acid solution. Then, the
beaker is put in an ultrasonic cleaner for 15 to 30 minutes. This is followed by a rinse
using de-ionized water in the ultrasonic cleaner. Large piping parts were cleaned by
circulating a 5% weight nitric acid solution followed by de-ionized water.
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After the completion of a zinc injection run, the loop is contaminated with zinc.
The contamination is presumably limited in the cold section, but significant in the hot
part of the loop. Indeed, such contamination is due to the absorption of zinc into the
corrosion film, the latter growing significantly faster at high temperature.
If only DI water is run through the loop, an exponential decay in the outlet zinc
concentration would be expected, and it would take a very long time sufficiently remove
zinc. Consequently, a more aggressive chemistry than pure DI water needs to be used. A
simple way is to circulate a 5% (weight) nitric acid solution for a few hours. Since this
solution is very corrosive, it dissolves the corrosion film containing zinc. Then, high-
purity DI water is circulated for a day. This simple decontamination technique turned out
to be very efficient. However, it may benefit from some optimization for parameters such
as nitric acid concentration and circulation time. 5% (weight) nitric acid is very
aggressive, and leaks that led to shutdown of experiments were attributed to the
accelerated corrosion undergone by the stainless steel piping.
5.6. CHAPTER SUMMARY
This chapter presents the conditions under which the effects of zinc on the
Inconel-600 corrosion potential were studied. The results are reported in the following
chapter. A small high pressure, high temperature loop was built to conduct this
experiment. The design choices (especially for the zinc injection technique) were
discussed. The electrochemical cell was designed to avoid leakage from the autoclave
seal and to limit damage to the Conax assembly. Since many technical difficulties (and
therefore many shutdowns) occurred during these ECP measurement tests, it was
important to find solutions to these problems. Finally, the experimental steps with which
each run was carried out were presented.
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CHAPTER 6
EXPERIMENTAL RESULTS AND INTERPRETATION
6.1. INTRODUCTION
This chapter reports the first experimental results of the effect of zinc borate on
the Inconel-600 corrosion potential (ECP) in a simulated PWR environment. Details of
the experimental facility were presented in Chapter 5. A series of three runs was
originally planned at pH(300"C) values of 6.8, 7.0, and 7.2. Because of many unexpected
experimental problems, the series of ECP measurements was conducted only at
pH(300"C) = 6.8. First, the ECP measurements of two runs, where zinc injection was
carried out are presented, along with the detailed chemistry history of the runs. Since the
same electrodes were used, these two runs are presented collectively and referred to as
"the ECP run" in this chapter. Then, the results are interpreted and recommendations are
made for the next set of ECP measurement experiments. Finally, some noteworthy
results and difficulties encountered in the first ECP experiments, which are not reported
in detail here, are discussed.
6.2. RESULTS OF THE ECP RUN
The history of the ECP run is presented in Figure 6.1. This run is divided into two
sub-runs, run #1, and run #2, where two different batches of 1.134 ppm Li, 800 ppm B
chemistries were used. However, the electrochemical setup was left unchanged between
the two sub-runs, and therefore the complete history of the electrodes comprises run #1,
and run #2. Figure 6.1 presents the different phases where the loop was operating and
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shutdown, along with the reasons for shutdowns, and the repairs carried out. Between
each shutdown and startup, the loop was rinsed with DI water or with the cold
conditioning tank water or both. During each startup, the loop was first pressurized, and
the heaters turned on once the outlet conductivity was in accordance with a clean Li/B
chemistry. Zinc concentration measurements were carried out before and immediately
after each startup, to make sure no zinc contamination occurred during parts replacement.
After the first brief zinc injection conducted in run #1, the outlet zinc concentration
remained quite low, as will be discussed below.
It must be stressed that the data acquisition system was available only during run
#2, and not during run #1 during the first part of the run. ECP measurements were taken
manually and regularly during run #1. The ECP transitions driving to chemistry changes
were not detected during run #1, whereas they appear in the measurements made during
run #2.
It takes around 1 hour to reach a stabilized temperature of 300"C after startup. In
the follow-,ing sections, some of the figures display data versus hot hours. Hot hours
correspond to the cumulative time during which the loop was operating at 3000C.
6.2.1. Water chemistry
Outlet water samples were taken at least twice a day. Boron, lithium and zinc
concentrations were determined by ICP. The oxygen content in the conditioning tank
was measured using the control loop (see Chapter 5). The conductivity was measured at
room temperature at the outlet of the loop.
6.2.1.1. Lithium/boron chemistry
Since the loop was operating in a once-through mode, the boron and lithium
chemistry was remarkably stable. The outlet lithium and boron concentrations during hot
hours are shown in Figure 6.2. During run #1, the boron and lithium concentrations were
slightly higher than during run #2. However, the Li/B ratios were similar. Consequently,
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Figure 6.2 - Chemistry history of the ECP run.
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pH at 300"C (Figure 6.2) is constant throughout the ECP run at the target value of 6.8
within ± 0.01.
6.2.1.2. Conductivity
The data acquisition system could not be used to measure the outlet conductivity
due to computer memory limitations. Conductivity was therefore logged manually.
Except during transient operations (heat up during startup, or temperature drop during
shutdown), the outlet conductivity was stable. It was measured within 11.6 - 11.8 ptS/cm
during run #1, and within 11.3 - 11.5 gtS/cm during run #2. No shift in conductivity was
noticed once zinc borate was injected (except at the start of injection, most likely because
of impurities present in the zinc injection line).
6.2.1.3. Dissolved oxygen concentration
The concentration of dissolved oxygen was targeted below 5 ppb in the
conditioning tank water. As mentioned in Chapter 5, the main loop flow rate was too low
to position the oxygen meter (Orbisphere®) at the loop outlet. The oxygen content was,
therefore, measured using the control loop operating at a flow rate of -150 cc/mn.
Preliminary tests showed that the oxygen concentration can be reduced to 5 ppb using a
recombiner catalyst, while applying a hydrogen overpressure to the tank.
The oxygen content during the ECP run is presented in Figure 6.3. During the
first 150 hours, the oxygen concentration increased slowly from 3.5 ppb to 4.2 ppb. This
slow increase is normal and due to the emptying of the tank. Afterwards, the 02 increase
is more pronounced which is abnormal based on previous runs. During run #2, the
deterioration of oxygen concentration control got worse. First, with a full tank the
oxygen content could not be reduced below 7 ppb. Abnormally large increases in 02
were observed while the tank was emptying. It was then assumed that an air leakage
either in the gas pump loop or in the control loop was responsible for the increase.
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Figure 6.3 - Dissolved oxygen concentration during the ECP run.
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Since the pressure within the loop is greater than atmospheric pressure, air in-
leakage is only possible at the pump heads, where local pressures below atmospheric can
be created. To diagnose the problem, the gas pump was turned off. The oxygen
concentration then rapidly increased up to almost 200 ppb. Since previous hydrogen
injections into the conditioning tank showed that oxygen concentration goes down to 20
ppb without any recombiner catalyst, it was concluded that the air leakage came from the
circulating pump head. Consequently, the circulating loop was shut off and the gas pump
turned back on. A couple of hours later, the circulating loop was turned back on to make
an oxygen concentration measurement, which showed oxygen concentration down to 36
ppb. Finally, the gas pump was turned back on. A couple of hours later a pointwise
oxygen concentration measurement give 7 ppb. Therefore, with the circulating loop off,
it is believed that the oxygen content was back below at least 10 ppb. This is illustrated
by Figure 6.3. The ECP measurements were affected by this high oxygen concentration
transient, as will be seen in the next section.
6.2.1.4. Outlet zinc concentration
The outlet zinc concentration history is presented in Figure 6.4. The background
zinc concentration of the loop varied between 0.5 ppb and 1.8 ppb. Zinc concentrations
below 5 ppb were measured using the ultrasonic nebulizer coupled to the ICP-AES (see
Appendix D). Using this nebulizer, the ICP has a limit of detection for zinc around 0.1
ppb, versus 3-5 ppb with the regular cross-flow nebulizer.
The zinc concentration target was 50 ppb. Since zinc is heavily absorbed by the
zinc-free corrosion film developing in the hot section of the loop, zinc was first injected
at around 100 ppb at the inlet, so that 50 ppb is more rapidly reached at the outlet.
During run #1, zinc injection was initiated after the ECPs stabilized. Unfortunately, after
6 hours of operation, the zinc pump failed and stopped injecting the zinc solution into the
loop. The maximum outlet zinc concentration measurement during this first injection
was 3.3 ppb. Once the injection stopped, the outlet zinc concentration went back to its
background level of -~ 1 ppb.
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Figure 6.4 - Outlet zinc concentration during the ECP run.
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A second zinc injection was performed during run #2. Since the ECP values were
the same as the stable values measured during run #1 without zinc, the injection started
only 25 hours after startup. No major problem occurred during this zinc injection, and
the outlet zinc concentration was controlled close to the concentration target of 50 ppb.
6.2.2. ECP measurements
The Inconel-600 electrochemical potential was measured against two reference
electrodes: a palladium electrode and an external silver/silver-chloride electrode. The
electrochemical cell is described in Chapter 5. The ECP values were acquired manually
during run #1, and a data acquisition system was used during run #2. The continuous
ECP measurements during run #2 show the ECP responses to chemistry transients.
The potential difference between Inconel and palladium (Vinc - Vpd) is shown in
Figure 6.5, and is denoted ECP 1. Points of interest are as follows:
(1) ECP 1 is very reproducible after shutdown/startup during run #1.
(2) ECP 1 in the zinc-free PWR chemistry is positive at a value of -6.3 mV.
(3) The beginning of zinc injection in run #2 was immediately followed by a significant
drop of ECP 1 (see Figure 6.5.a). This is believed to be a transient response due to
impurities including oxygen, from the zinc injection line. It is likely that the same
transient occurred during the first zinc injection during run #1, but was not observed in
the absence of computerized data acquisition. If this ECP 1 decrease is due to a brief
increase in the dissolved 02 concentration, it means that the corrosion potential of
Inconel-600 decreases with increasing oxygen concentration. Theoretically, the opposite
is expected. This result will be discussed further.
(4) The effect of zinc injection is to lower ECP 1. The first zinc injection in run #1 at an
estimated 111 ppb inlet concentration (flow rate of -5 cc/hr) led to a stable ECP 1 value
of 4.7 mV for 4 hours before the zinc injection had to be stopped. The second zinc
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injection at an estimated 100 ppb inlet concentration (flow rate of -4.5 cc/hr) led to a
stabilized ECP 1 of 5.2 mV. Each decrease in the zinc injection rate was followed by an
increase in ECP, despite the fact that the outlet zinc concentration rose or decreased only
slightly. Once the injection was completely stopped, ECP 1 stabilized at 6.1 mV. It must
be stressed that all these ECP1 shifts are in the order of tenths of millivolts only.
(5) The small but abrupt ECP1 shifts occurred immediately after changes zinc injection
flow rates. Finally, the relative amplitude of the shifts are proportional to the relative
decreases in flow rate. This suggests that the main loop flow rate is responsible for these
ECP changes, and not the water zinc content.
(6) After each ECP 1 increase marking a change of zinc injection rate, it can be noticed
that the ECP1 tended to start decreasing. This suggests that more time might be
necessary for ECP stabilization.
(7) Some changes in ECP 1 occurred without obvious connections to loop operations.
ECP 1 increase that is labeled "A" in Figure 6.5.b is one example. It is possible that this
is selected to an increase in the zinc pump leakage and a corresponding zinc injection rate
decrease.
The potentials of Inconel and palladium were measured relative to an external
reference silver/silver chloride electrode. The potential of Inconel against that of the
Ag/AgC1 electrode is denoted ECP 2, and the potential of palladium against that of the
silver/silver-chloride electrode is denoted ECP 3. ECP 2 and ECP 3 measurements are
presented in Figure 6.6. The points of interests are:
(8) ECP 2 and ECP 3 undergo a continuous drift in the negative direction. The drift
started at the end of run #1. This can be explained by a drift of the Ag/AgCl electrode
potential in the positive direction. If the drift is discounted, ECP changes due to
chemistry changes can be estimated.
(9) As opposed to ECP 1 measurements, zinc injection increased ECP 2. In other words,
zinc injection tends to decrease the corrosion potential if it is assumed that the palladium
electrode operates as a reference electrode (constant potential), whereas zinc injection
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increases the Inconel corrosion potential it is assumed that the Ag/AgCl electrode
operates as a reference electrode.
(10) ECP 2 and ECP 3 react similarly to chemistry transients. Both increase after an
oxygen concentration increase and zinc injection rate increase. Moreover, these
chemistry transients have a greater effect on ECP 2 and ECP 3 on ECP1. For example,
ECP 2 decreased -2 mV after a decrease in zinc injection from 100 ppb to 65 ppb, where
ECP1 increased only -0.4 mV.
(11) The increase in oxygen concentration was reflected in ECP increases of - 5 mV for
both Inconel and Palladium relative to Ag/AgCl. This increase is expected in the case of
Inconel. It is more surprising that the palladium electrode potential reacts to such a small
change in oxygen concentration, and this point is discussed below. This temporary high
oxygen content (estimated to be around 200 ppb) due to air in-leakage, was less markedly
detected by ECP1, which is understandable since the palladium and Inconel respond
similarly to this transient.
(12) The downward drift of ECP 2 and ECP 3 was is significantly slowed when zinc
injection was stopped.
6.3 INTERPRETATION
Two important issues are discussed in this section: the reliability of the two
reference electrodes and the reasons for the small ECP changes associated with changing
zinc injection rates.
6.3.1. Reliability and stability of the reference electrodes
6.3.1.1. The palladium electrode
Palladium and platinum are expected to have similar electrochemical behavior. In
PWR environments, platinum is believed to be a reversible hydrogen electrode. In other
words, the potential of the platinum electrode is that of the hydrogen equilibrium
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reaction, EH+/H2. Since the alloys in PWR primary system environments are oxidized by
water, we saw in Chapter 2 that the ECP of the Inconel-600 is below the hydrogen
equilibrium potential. Consequently, assuming that the palladium electrode acts as a
platinum electrode, ECP1 (i.e., Vinconel - VPd) was expected to be negative. However,
the measured value was positive throughout both runs.
A review of the literature was undertaken to investigate this result. According to
MacDonald [1], a palladium electrode can have a potential of several tens of millivolts
higher than a platinum electrode in the same solution in the presence of hydrogen. The
origin of this potential difference is the ability of palladium to absorb hydrogen into the
metal lattice. Therefore, the palladium electrode potential may be slightly higher than the
hydrogen equilibrium potential. This implies that:
Vnc - VPd Vin - v, 5 0 mV,
which contradicts our positive ECP1 measurement.
In-plant ECP measurements showed that the Inconel and platinum potential in
PWR environments were within a few mV of each other [2]. Reference [2] also shows
that during transients (pH or temperature changes), the Inconel potential is occasionally
higher than that of the platinum electrode. Since, ECP1 tended to show a decrease after it
responded to the different chemistry changes, this positive ECP1 value might be
temporary. Longer steady-state runs would be of interest in this regard.
If palladium reacts with hydrogen is a problem in this work, since it is possible
that ionic zinc interferes with this reaction, and thus the potential of the palladium may be
shifted by zinc injection. Palladium would then not act as a reference electrode. Another
source of concern regarding the role of palladium as a reference electrode, is that ECP 3
(VPd - VAg/AgCI) tends to react to all the chemistry transients, in the same manner as ECP
2 (VInc - VAg/AgCI). As just mentioned, it is possible that zinc has an effect on the
palladium potential. However, it is more surprising that the (Vpd - VAg/AgCI) is affected
by an increase in the oxygen content. Since the oxygen concentration increase was
measured around 200 ppb within the conditioning tank (see Section 6.2.1.3), the
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dissolved hydrogen concentration in the water is barely influenced and remains in
stoichiometric excess.
An alternative explanation for the similar behavior of ECP 2 and ECP 3 is to
argue that it is the potential of the silver/silver-chloride electrode is very sensitive to all
the chemistry transients.
6.3.1.2. The external silver/silver chloride electrode
First, it is most likely that the drift in ECP 2 and ECP 3 is due to continuous drift
of the external silver/silver-chloride electrode potential in the positive direction. Such
potential stability problems for silver/silver-chloride electrodes are found in the literature.
In BWR hydrogen water chemistry a similar drift was experienced with internal Ag/AgCl
electrodes [3]-[4]. In both references, it was suggested that this was due to diffusion of
hydrogen through the semi-porous barrier, followed by reduction of AgC1 to Ag by H2.
However; since an external Ag/AgC1 electrode was used in this work, this phenomenon
might not occur.
Second, it must be stressed that once the ECP run completed and the loop taken
apart, it was observed that the zirconia plug of the electrode (semi-porous barrier) was
missing and that the Teflon sleeve was emptied of its KCl solution. The chemical
environment of the Ag/AgCl interface may therefore not have been maintained
throughout the run. However, this destruction of the electrode may have occurred during
the ultimate depressurization of the loop. This external silver/silver-chloride electrode
was designed by Andresen to operate at 1200 psi and 280"C. Experience with such
electrodes at 2250 psi and 300"C is much more limited and their durability in this system
may be limited.
During the ECP run, ECP 2 and ECP 3 varied between -650 mV and -720 mV
According to Equation 5-2, with a functioning silver/silver-chloride electrode, these two
potentials correspond to -689 mV (SHE) and -759 mV (SHE). According to Equation 5-
6, the hydrogen equilibrium potential in the environment of this experiment is -705 mV
(SHE). Therefore, ECP 2 and ECP3 measurements are consistent with the fact that the
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Inconel corrosion potential and the palladium potential are reported to be close to EH+m2
[2].
Because of the state in which the external silver/silver-chloride was found (open
to the loop water), its potential may have been influenced by the chemistry changes.
Therefore, it is not possible to determine if the ECP 2 and ECP 3 shifts following
condition transients are due mostly to the Ag/AgCl potential shift or to the Inconel and
palladium potential shifts. However, the effect of the oxygen content increase was to
increase ECP 2, which is consistent with the fact that the corrosion potential of Inconel
theoretically increases with oxygen concentration. On the other hand, the fact that the
palladium and Inconel potential behave similarly to any transient is suspicious and
suggests that palladium is not an inert material and absorbs H atoms like Inconel.
6.3.2. Effect of zinc injection on the ECP
Because of the uncertainties about the behavior of the two reference electrodes it
is difficult to draw definite conclusions regarding the effect of zinc on the Inconel-600
corrosion potential. Assuming that the two reference electrodes worked properly, ECP1
measurements show that zinc injection leads to an increase in the corrosion potential
whereas ECP 2 measurements showed the opposite.
Nevertheless, small but clear ECP shifts are noticed after changes in zinc injection
rate. As mentioned earlier, the change in zinc injection rate did not significantly
influence the outlet zinc concentration. Moreover, the ECP shifts were recorded virtually
simultaneously with the flow rate decreases. Furthermore, the influence of the zinc
injection on the total loop flow rate is not negligible. For instance, the zinc injection
setup for a 100 ppb inlet zinc concentration entails a 10% increase in the loop flow rate.
It is possible that the loop flow rate change may be responsible for these ECP shifts.
However, zinc effects cannot be ruled out as an explanation for the ECP variations. A
higher flow rate implies better transfer of ionic zinc to the metal surface.
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6.4. RECOMMENDATIONS FOR FUTURE ECP MEASUREMENT WORKS
Future experiments should be conducted to clarify the effect of zinc on the
Inconel-600 corrosion potential, using the experience accumulated during these first runs.
First, a reliable reference electrode has to be found. Platinum which has been
extensively used, and is acknowledged to be a reliable inert reversible hydrogen electrode
[1]-[2]-[3], is a good candidate. Palladium was used in this experiment because it was
readily available and because it was also believed to behave as a reversible hydrogen
electrode. The data acquired raise a doubt about this property. It would be of interest to
compare the relative behavior of palladium and platinum.
Before starting any zinc injection, it is recommended that a preliminary test of
several weeks duration be undertaken to study the stability of the ECP measurements.
ECP 1 tended to decrease slightly over time, but the frequent chemistry changes applied
to the system prevented any clear detection of these possible drifts.
In this experiment, the source of the ECP shifts associated with zinc injection rate
changes was uncertain. An interest to investigation into the effect of flow rate on
corrosion potential measurements in zinc-free simulated PWR environments would
therefore be useful.
Following such preliminary investigation, the effect of zinc injection at a constant
rate corresponding to 100 ppb inlet zinc concentration should be measured. The ECP
runs reported here suggest that the low flow rate used (250 cc/hr) may lead to a mass-
transfer limitation the zinc effect. Therefore a zinc concentration as high as possible is
recommended, to facilitate the detection of any zinc effect on corrosion potentials. Since
the zinc solubility at 300"C is believed to be somewhat above 100 ppb, 100 ppb should be
the outlet zinc concentration target of the next experiments. Finally, to avoid any ECP
transients, the zinc injection rate must be kept unchanged throughout the run.
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6.5. NOTEWORTHY FINDING: EFFECT OF BOILING ON LITHIUM
CONCENTRATION
During the first ECP runs, boiling occurred in the heated zone. This was
identified by oscillating pressure and let-down flow rate associated with formation and
collapse of vapor bubbles. Increasing pressure in an attempt to suppress boiling showed
that maximum temperatures were in excess of 350%. Adding additional insulation and
avoiding gaps eliminated the boiling problem.
During this period of boiling, the lithium concentration was measured to be
between 0.13 to 0.5 ppm at the outlet for an inlet concentration of 1.133 ppm. The outlet
boron concentration was not affected and remained close to its inlet value of 800 ppm.
During shutdown, the suppression of boiling was immediately followed by a sharp
increase of conductivity (See Figure 6.7). The outlet water collected during shutdown
contained 15 ppm of lithium along with roughly 800 ppm of boron.
6.6. CHAPTER SUMMARY
This chapter presents results of the first runs aimed at studying the effect of ionic
zinc on the Inconel-600 corrosion potential in a simulated PWR environment. All the
runs were carried out at pH(300"C) = 6.8. Since the loop operated in a once-through
mode, the lithium/boron chemistry was well controlled, and all the ECP measurements
were conducted at a remarkably constant pH. Successive decreases in zinc injection rate
maintained the outlet zinc concentration close to its target of 50 ppb. An oxygen
concentration transient occurred, due most likely to air leakage at the control loop
circulating pump. This transient affected the ECP measurements.
Neither of the reference electrodes proved entirely satisfactory. Zinc injection
decreases the corrosion potential if it is assumed that the palladium electrode operated as
a reference electrode (constant potential), whereas zinc injection increases the Inconel
corrosion potential if it is assumed that the Ag/AgCl electrode operated as a reference
electrode. Consequently, the effect of zinc injection on the ECP of Inconel-600 in
simulated PWR environment can not be definitively determined from these results.
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Nevertheless, it is clear that zinc injection was immediately followed by small but
well marked ECP changes. This is believed to be mostly due to the influence of zinc
injection on the overall loop flow rate. However, it is possible that this is also due to the
fact that the zinc effect on the corrosion potential is mass-transfer limited at the condition
of these experiments. Recommendations were made for an effective experimental
protocol to clarify the effect of ionic zinc on the Inconel corrosion potential.
It can be concluded with confidence that the effect of zinc on the Inconel-600
corrosion potential, at the conditions of this experiment, is very small. This may be
mainly due to the low flow rate which could result in a significant mass-transfer
limitation for zinc. It would be of great interest to establish out the effect of the flow rate
on the zinc mass-transfer phenomena, using ECP measurements. Indeed, the zinc
preconditioning for the MIT in-pile zinc was conducted at similar flow rate. ECP
measurements might show that this low flow rate prevent zinc from affecting on the
corrosion processes to the same degree as would be observed at a Reynolds number
similar t6 that of a PWR primary system or the in-pile portion of the MIT zinc injection
run.
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CHAPTER 7
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
7.1. INTRODUCTION
The work reported in this thesis was carried out to develop an understanding of
the effect of ionic zinc on general corrosion in pressurized water nuclear reactor (PWR)
primary systems. General corrosion is of particular concern in nuclear reactor cooling
systems. Because of the protective properties of the oxide films, the general corrosion
rate is extremely low, and is not an issue from a materials integrity standpoint. But, as
mentioned in the introductory chapter, the activation and redeposition of corrosion
products on the out-of-core surfaces is a concern. The resulting activity on ex-core
surfaces has become the main source of exposure for plant maintenance workers.
Consequently, a significant body of work has been performed to understand and limit the
phenomena involved in oxide activation and redeposition on the out-of-core piping
system.
The benefit of adding zinc to BWR primary systems as a method for reducing
primary system radiation buildup was first hypothesized in 1983. This effect was noticed
after the classification of U.S. plants according to their condenser materials and
condensate system types that yielded different concentrations of zinc in the coolant. The
group of plants known to have a continuous level of 5 to 15 ppb ionic zinc in the reactor
water showed the lowest dose rates [1]. A significant number of laboratory experiments
was carried out to study the effect of zinc on corrosion rate, cobalt-60 buildup, and cobalt
release in simulated BWR environments. These tests showed that zinc mitigated Co-60
buildup, and the first zinc injection systems were implemented in BWR plants in 1986.
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Zinc injection showed good results by reducing ex-core activity buildup in the 9 plants
working under normal water chemistry (NWC) where the system was in use between
1986 and 1991 [2].
After zinc injection benefits were amply demonstrated in BWR environments, the
process was considered for extension to PWR primary systems. As this thesis work was
carried out, zinc injection in PWR primary systems was still at an experimental stage.
Out-of-core laboratory experiments completed to date showed that zinc should also be
effective in mitigating corrosion [3]-[4]-[5] and contamination [3] under PWR conditions.
However, the only in-pile zinc injection experiment in simulated PWR conditions, carried
out at the MIT Nuclear Reactor Laboratory research reactor using the pressurized coolant
chemistry loop (PCCL) facility [6], showed slight if any effect of zinc in reducing activity
buildup.
The original goal of this thesis was to further investigate the reasons for the
unexpected result of the MIT experiment. To do so, a thorough literature review was
undertaken to understand the effects of zinc on the different phenomena responsible for
activity buildup, and the conditions under which zinc was found to be beneficial. Since
there is considerably more accumulated experience with BWRs than PWRs, the literature
review encompassed zinc injection in conditions relevant to both types of reactors.
This literature review revealed the key role of corrosion mitigation by zinc in the
activity buildup reduction process. Consequently, this thesis focuses mainly on
developing an understanding of the possible mechanisms by which zinc can reduce
corrosion. This effort is divided into three parts. First, a review of the different models
of corrosion in LWRs was conducted. Since zinc is acknowledged to reduce corrosion in
BWRs, it was of interest to compare the corrosion processes between PWR and BWR,
and to underline their differences. Then, an analysis of the different type of corrosion
inhibitors, classified according to their impact on corrosion potential was performed.
Second, based on the experimental findings regarding the effect of zinc on the corrosion
films and on the understanding, previously developed, of how the different types of
inhibitors would affect the corrosion of LWRs, a first attempt to classify the inhibition
effect of zinc on corrosion of BWRs and PWRs was undertaken. Finally, a small high
pressure, high temperature loop was constructed to study the effect of zinc on the
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electrochemical corrosion potential (ECP) of Inconel-600 in PWR conditions.
Knowledge of the impact of zinc on the ECP is crucial to classifying zinc as a corrosion
inhibitor in these environments.
7.2. LWR ACTIVITY BUILDUP REDUCTION BY ZINC
Zinc injection is now an established technique to reduce activity buildup in BWR
plants operating under NWC. The main factors are believed to be [7]:
(1) Reduction of corrosion rate and competition between zinc and cobalt for
incorporation into the out-of-core corrosion films.
(2) Decrease in the Co-60 concentration in the reactor water, which was not anticipated
on the basis of out-of-pile laboratory simulations.
Marble mentions two possible factors explaining this last phenomenon [2]. First,
the in-cofe materials that contain activated cobalt have a lower release rate to the reactor
water. Lister [8]-[9] showed that the release of cobalt, and of other alloying elements,
was reduced by zinc only because the oxide films are thinner compared to those
developed in a zinc-free environment. The second potential factor is that zinc could have
a similar effect on the iron-based crud deposited on the fuel cladding, thus suppressing
the release of Co-60 from the fuel deposit.
The beneficial effect of zinc has been clearly demonstrated when zinc is injected
at the beginning of film growth in laboratory tests, or after decontamination in actual
BWR plants (decontamination processes dissolve the outer layer). However, zinc seems
significantly less efficient when injected after the characteristic bi-layer oxide is well
developed on the piping surfaces. Lister [8] showed that zinc had little beneficial effect
on film growth rate (see Figure 7.1) and cobalt release reductions when it was injected for
500 hours after the system was first exposed without zinc for the same length of time.
Presumably, a very important factor here is the ratio { time with zinc in the coolant) /
{time of zinc-free pre-exposure). It is possible that the beneficial effect of zinc injection
for an established oxide film increases with this ratio.
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Out-of-pile laboratory experiments also showed that the injection of zinc under
hydrogen water chemistry reduced the oxide film growth [10] and cobalt-60 buildup [1]-
[10]-[11]. However, according to reference [10], there is no competition between zinc
and cobalt for incorporation into the oxide film, and the only reason for Co-60 buildup
reduction is a thinner film. In actual BWR plants, the only available data describe the
radiation buildup change only when both HWC and zinc injection are implemented at the
same time [2]. Obviously, this makes more uncertain any interpretation about the effect
of zinc in actual plants working under HWC. However, the first results are encouraging.
Unlike the BWR case, very few trials of zinc injection have been made in
operating commercial PWR plants. The first such zinc injection was recently completed
[12], and the results were reported to be promising [13].
Laboratory results show that zinc reduces oxide film growth [3]-[4]-[5]. The
reduction factors vary between experiments. However, a constant seems to be the higher
propensity of stainless steel (iron-rich) oxide films to incorporate zinc compared to
Inconel-600 (nickel-rich oxide) [3]-[5], with consequently greater reduction in corrosion
rate for stainless steel. Except for one measurement on stainless steel in reference [5],
thickness reductions are mostly below a factor of 5 after 2000-2500 hours. Under BWR
NWC, we saw that on stainless steel the oxide layer mitigation was in the order of 6 after
only 300 hours [11]. In a reducing environment, with high-purity water, the thickness
reduction factor was around 2 after 1000 hours [10]. It is likely that zinc is less efficient
for corrosion mitigation in reducing environments, where the spinel type of oxide film
predominates over the hematite type developed under NWC. Such a result could be
explained by the relatively thicker outer oxide layer developed in oxidizing
environments, because one of the major effects of zinc on the corrosion films is
suppression of the outer layer.
Zinc has also been found to reduce Co-60 buildup in PWR environments. Lister
[3] reported a Co-60 reduction factor of 8 compared to a film thickness reduction of 1.4-
2, which supports the hypothesis raised after earlier BWR experiments that the zinc and
cobalt compete for incorporation into the oxide film. In simulated BWR environments,
the Co-60 buildup reduction was reported in reference [1] to be -4 times greater in an
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HWC environment compared to NWC. However, no film thickness comparison was
conducted.
The mitigation of the corrosion rate by zinc seems to be the main factor
responsible for the reduction of radiation field build up in LWRs. This motivated the
effort to understand the effect of zinc on corrosion more than on the other phenomena
involved in activity buildup mechanisms.
7.3. FURTHER ANALYSIS OF THE IN-PILE MIT ZINC RUN
The zinc-free prefilming for the zinc run and the probable zinc content of the PBR
reference run make it difficult to draw definite conclusions about any beneficial effect of
zinc injection on activity buildup. The zinc-free prefilming run was aimed at developing
a zinc-free corrosion film on the loop surface, so that the MIT zinc injection run
simulated zinc injection in PWR plants which have operated without zinc, and which
initiate zinc injection without prior decontamination. Decontamination is expected to
dissolve the outer layer of the duplex corrosion film. BWR experience with zinc
injection shows that zinc reduces activity buildup after decontamination of the primary
circuit [2], but also that zinc has little beneficial effect on corrosion film growth when
injected once the outer layer is already well developed [8] (see Figure 7.1). As
mentioned in Chapter 3, the beneficial effect of zinc in both PWR and BWR
environments is related to reductions in outer oxide layer growth. Consequently, zinc is
expected to have significantly higher beneficial effects on oxide growth when it is
injected at the very beginning of oxide film growth or after decontamination of existing
films. This was not the case for the zinc run performed at MIT.
However, zinc deposition in the oxide film is consistent with what is described in
the literature. SEM-EDS investigation showed that zinc was deposited on the oxide film
and is barely present in the deposited crud crystal. SIMS measurements revealed that
zinc was deposited at the boundary between the inner and outer oxide layers, with a
profile identical to that of cobalt, which was previously found in reference [10]. ESCA
analyses were not precise enough to reveal the chemical form of zinc deposited in the
corrosion film. However, chromium, iron and nickel seem to be deposited in the same
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forms as those observed in experiments were zinc injection was observed to reduce
corrosion film growth [5].
The main observable differences between the zinc and PBR irradiation runs are
based on the activation of zinc and iron. Zinc tended to be more activated, and iron less
activated in the zinc run compared to the PBR run. This is believed to be due to
differences in the Zircaloy oxides formed in the two runs. Unfortunately, this cannot be
verified directly because the zinc run Zircaloy tubing could not be retrieved following the
irradiation run.
7.4. POSSIBLE CORROSION INHIBITION MECHANISMS OF ZINC
The corrosion film profiles developed on alloys under BWR and PWR conditions
are similar. Zinc is preferentially absorbed in the outer layer. In reducing environments,
as seen in reference [10] (HWC), and the SIMS measurements carried out on the PCCL
zinc run samples, show that the peak in zinc concentration is at the base of the outer
layer, close to the inner layer boundary. However, in both BWR and PWR environments,
zinc is present at a detectable level throughout the inner layer of the corrosion film.
In order to be classified as a corrosion inhibitor, an additive to a system must
affect the anodic or cathodic electrochemical processes, or both. However, it is possible
that zinc acts to reduce the corrosion rate without being an inhibitor in the strict sense.
An anodic inhibitor, which increases the corrosion potential of the alloy, reacts
chemically or electrochemically with the corrosion products to form a protective film. A
cathodic inhibitor migrates towards the cathodic surfaces, where it is precipitated
chemically or electrochemically and thus blocks these surfaces. The cathodic reaction
rate is then reduced and the ECP is lowered. A mixed inhibitor combines these two
mechanisms and thus may raise or lower ECP or leave it unchanged. In LWRs, the alloys
of the primary circuit are passivated. Thus, as illustrated by the Evans diagram in Figure
7.2, a cathodic inhibitor should have no effect on the corrosion rate. This is
understandable since the reaction controlling the corrosion rate is the anodic reaction (i.e.,
the release of corrosion products that is reduced by the passive film). Consequently, a
cathodic inhibitor should not be effective in LWR environments, except perhaps for
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BWRs where a significant decrease in corrosion potential leads to the restructuring of
hematite to magnetite, the latter being believed to be more protective than the former.
To understand the behavior of ionic zinc in these terms, it is necessary to explore
the physical location of the anode and cathode on passivated alloys. For PWRs, a
literature survey shows that the cathodic reaction, which consists of the reduction of
water to dissolved hydrogen gas, is thought to take place at the base metal/oxide
interface, due to continuous access of water to the metal through the pores of the oxide
film. Thus, the cathode is located on the base metal. Two competing models are reported
for the transport of corrosion products through the film and hence for the location of the
anode. The solid state transport model suggests that metallic ions diffuse along grain
boundaries in the oxide. In this case, the corrosion products are available for reaction on
the surface of the inner oxide as shown in Figure 7.3. Since metallic ions like zinc can
diffuse through the film because of concentration gradients, zinc reactions with corrosion
products may take place within the upper part of the inner layer. The liquid transport
model, on the other hand, contends that the corrosion products diffuse through the
electrolyte along interconnected pores in the oxide. In this case, the anode is on the base
metal (see Figure 7.3). However, an inhibitor such as zinc might have limited access to
the base metal because of a protective oxide film. Therefore, despite the anode location
at the base metal in the liquid transport model, an anodic inhibitor may react with
corrosion products at the inner/outer oxide layer interface.
Based on the observation that zinc concentrates heavily at the boundary of the
inner and outer layer, zinc seems to act mostly on the anode, and therefore it is most
likely that it behaves as an anodic inhibitor. The continuous presence of zinc throughout
the inner film at a detectable level can be interpreted into three ways. It may be due to a
rapidly decreasing amount of zinc that penetrates the inner oxide through the pores to
react with outwardly diffusing corrosion products (liquid transport model). In such a
case, the zinc deposition throughout the oxide is still related to anodic inhibition
mechanisms. Another possibility is that zinc interferes with the cathodic reaction also.
The inner layer grows at the oxide/metal interface, which has been identified as the
physical cathode as discussed above. The third option is that this decreasing zinc
concentration within the inner layer is related to solid state diffusion of zinc due solely to
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Figure 7.3 - Locations of the anode and cathode on a passivated alloy in a PWR
environment.
(The outer layer due to corrosion products precipitation is assumed not to be welldeveloped yet).
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the concentration gradient existing between the zinc-rich outer layer, and the zinc-free
inner layer.
In conclusion, it seems that if zinc acts as a corrosion inhibitor (i.e., it reacts with
corrosion products and/or interferes with the cathodic reaction), the experimental
evidence favors the option that zinc is in an anodic inhibitor in PWR primary systems,
but it is not excluded that it acts as a mixed inhibitor. Measuring the effect of zinc on the
ECP would contribute to our understanding of the mechanisms.
In BWRs under normal water chemistry, the two models for corrosion product
transport just mentioned still apply. Therefore, the anode (where water chemicals such as
ionic zinc can react with soluble corrosion products released from the oxide) is most
likely located at the inner/outer oxide interface or bottom of the outer layer. The cathodic
reaction consists of the reduction of dissolved oxygen to water. However, the inner
chromium-rich oxide layer is formed under reducing conditions [14], which suggests that
oxygen has a limited access to the inner layer and is mainly reduced at the inner/outer
oxide layer interface as well. Since the anode and the cathode are at the same location
within the oxide film (see Figure 7.4), the preferred location of zinc within the film does
not suggest which half-cell reaction is more likely to be affected by zinc. However, zinc
was found to raise the ECP of stainless steel in BWR NWC by -20 mV [15]. This
measurement suggests that zinc under NWC conditions acts as an anodic or mixed
inhibitor.
It has to be stressed that both models locating anode and cathode on passivated
alloys in PWRs and BWRs (see Figure 7.3 and Figure 7.4) have been developed here in
the case where no outer layer due to corrosion product precipitation is formed yet. With
such supplementary oxide "barrier", the access of zinc to these anodes and cathodes may
be significantly more difficult. Zinc may react with corrosion products in the outer part
of the outer layer which would be then the anode for zinc. The outer layer has an open
structure as opposed to the inner layer which is quite more compact. In other words, the
formation of zinc deposit is less effective in covering a well developed outer layer formed
with big crystals than a little developed one. This could explain why zinc is little
beneficial when the outer layer is well developed
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Figure 7.4 - Locations of the anode and cathode on passivated alloys in BWR NWC
environments.
Here the part of the outer layer due to precipitation is assumed not to be developed yet,
such that water impurities (such as ionic zinc) and oxygen have an easy access to the
passive film.
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7.5. SUMMARY OF THE FIRST ECP RUN AND RECOMMENDATIONS
Determining the effect of zinc on the corrosion potential, in a simulated PWR
environment, may bring new insights into the mechanism by which zinc interacts with the
corrosion film, as discussed previously. For this purpose, a high pressure, high
temperature loop was built to operate at 2250 psi (155 bars)and 300*C, with PWR water
chemistry. A first series of run at pH(3000C) of 6.8 (800 ppm B, 1.134 ppm Li) was
completed. An Inconel-600 electrode consisting of a 1 mm diameter wire and two
reference electrodes were used. The two reference electrodes were: a 1 mm diameter
palladium wire and an external silver/silver-chloride electrode. Zinc borate was injected
at concentrations of up to 100 ppb at the loop inlet.
Neither of the reference electrodes proved entirely satisfactory. Zinc injection
decreases the corrosion potential if it is assumed that the palladium electrode operated as
a reference electrode (constant potential), whereas zinc injection increases the Inconel
corrosion potential if it is assumed that the Ag/AgCl electrode operated as a reference
electrode. Consequently, the effect of zinc injection on the ECP of Inconel-600 in
simulated PWR environment can not be definitively determined from these results.
Nevertheless, it is clear that zinc injection was immediately followed by small but
well marked ECP changes. This is believed to be due mostly to the influence of zinc
injection on the overall loop flow rate. However, it is possible that this is also due to the
fact that the zinc effect on the corrosion potential is mass-transfer limited at the condition
of these experiments.
It can be concluded with confidence that the effect of zinc on the Inconel-600
corrosion potential, at the conditions of this experiment, is very small. This may be
mainly due to the low flow rate that could result in a significant mass-transfer limitation
for zinc. It would be of great interest to establish the effect of the flow rate on the zinc
mass-transfer phenomena, using ECP measurements. Indeed, the zinc preconditioning
for the MIT in-pile zinc was conducted at similar flow rate. ECP measurements might
show that this low flow rate prevents zinc from affecting the corrosion processes to the
same degree as would be observed at a Reynolds number similar to that of a PWR
primary system or the in-pile portion of the MIT zinc injection run.
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Therefore, further experiments should be conducted to clarify the effect of zinc on
the Inconel-600 corrosion potential. The first ECP runs conducted in this research
indicates that a platinum electrode should be added to the electrode assembly, since
uncertainties were raised about the inert properties of palladium, and the Ag/AgCl
electrode has a relatively short life span at high hydrogen concentrations..
Before starting any zinc injection, it is recommended that a preliminary test of
several weeks duration be undertaken to study the stability of the ECP measurements.
The Inconel-600 potential against the palladium wire potential tended to decrease slightly
over time, but the frequent chemistry changes applied to the system prevented any clear
detection of these possible drifts. Furthermore, the source of the ECP shifts associated
with zinc injection rate changes during the ECP run was uncertain. An interest to
investigation into the effect of flow rate on corrosion potential measurements in zinc-free
simulated PWR environments would therefore be useful.
Following such preliminary investigations, the effect of zinc injection at a
constant fate corresponding to 100 ppb inlet zinc concentration should be measured. The
ECP runs reported here suggest that the low flow rate used (250 cc/hr) may lead to a
mass-transfer limitation on the zinc effect. Therefore a zinc concentration as high as
possible is recommended, to facilitate the detection of any zinc effect on corrosion
potentials. Since the zinc solubility at 3000C is believed to be somewhat above 100 ppb,
100 ppb should be the outlet zinc concentration target of the next experiments. Finally, to
avoid any ECP transients, the zinc injection rate must be kept unchanged throughout the
run.
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APPENDIX A
CORROSION FILM X-RAY MICROANALYSIS USING
SEM-EDS SPECTROMETER
A.1. INTRODUCTION
An attempt was made to acquire elemental maps of the surface of the oxide films
developed on preconditioning Inconel and stainless steel samples using the scanning
electron microscope (SEM) x-ray microanalysis method. The original idea was to study
the areal distribution of zinc, iron, nickel, and chromium on the corrosion film, and to see
if zinc was preferentially associated with one element. This appendix is aimed at
presenting the difficulties that are faced when attempting to make such a chemical
analysis using the scanning electron microscope. First, the main physical phenomena
involved in x-ray microanalysis are briefly presented. Second, the results of
measurements conducted on the different oxide film features are reported discussed.
A.2. X-RAY MICROANALYSIS TECHNIQUE USING SEM-EDS
A.2. 1. SEM imaging process
The specifications of the SEM apparatus used in this work are given in Table A.1.
The Si(Li) x-ray detector operates as an energy-dispersive spectrometer (EDS).
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Table A. 1 - Characteristics of SEM system.
SEM
Manufacturer TOPCON TECHNOLOGIES, INCORPORATED
6940 Koll Center Parkway, Pleasanton, California 94566
Tel: (510) 462-2212
Type ABT-150C
Magnification x20 x300,000
Electron Gun LaB6 filament
Accelerating Voltage 0.5 - 3.0 kV (100V steps) 3 - 40kV (1kV steps)
Specimen Size 150 mm dia. Max
Analysis Modes Spot Line, Line Profile and X-Ray (see X-Ray system)
X-Ray System
Manufacturer NORAN INSTRUMENTS
2551 W. Beltline Hwy., Middleton, WI 53562
Tel: (608) 831-6511
Detector Type Z-MAX30: Si(Li)
System Type Voyager II
Analysis Mode Qualitative Analysis (Na - U), Quantitative Analysis (Na - U)
X-Ray Map (Na ~ U), X-Ray Line (Na ~- U)
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SEM pictures are acquired by scanning an electron beam over the surface of the
specimen. The electron beam is focused (around 1lpm diameter) using magnetic lenses
(see Figure A.1). To produce a well focused electron beam, the chamber must be
evacuated, and a potential difference between the electron gun and the specimen is
needed to accelerate the electrons towards the sample. When the sample surface is not
conductive (as is the case with oxide films), the surface cannot be polarized. To
overcome this problem, the sample is coated with a conductive material (such a carbon or
gold).
The beam electrons interact both elastically and inelastically with the specimen,
forming the limiting interaction volume from which the various types of radiation
emerge, including backscattered, secondary, and absorbed electrons, characteristic and
bremsstrahlung x rays, and, in some materials, cathodoluminescence radiation (long-
wavelength photons in the ultraviolet, visible, and infrared). By measuring the magnitude
of these signals with suitable detectors, a determination of certain properties of the
specimen, e.g., local topography, composition, etc., can be made at the single location
where the electron beam strikes. In order to study more than a single location and
eventually construct an image, the beam must be moved from place to place by means of
a scanning system, as illustrated in Figure A.2.
A.2.2. X-ray chemical microanalysis
Chemical analysis in the SEM is performed by measuring the energy and intensity
distribution of the x-ray signal generated by the focused electron beam as it strikes the
specimen surface.
The x-rays are generated during inelastic scattering of the beam electrons. They
can be formed by two distinctly different processes [1]:
(1) The bremsstrahlung, or continuous x-ray process. Beam electrons undergo
deceleration in the coulombic field of the atom. The loss in energy from the electron that
occurs in such a deceleration event is emitted as a radiation of electromagnetic energy.
This radiation is referred to as the x-ray bremsstrahlung, or "braking radiation".
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Figure A. 1 - Schematic drawing showing the electron column, the deflection system and
the electron detector [1].
Scan
-Display and
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Amplifiers
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Figure A.2 - Schematic of the scanning system of the SEM [1].
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(2) The inner-shell ionization process. The beam electron interacts with a tightly bound
inner-shell electron, ejecting the atomic electron and leaving a vacancy in that shell; the
atom is left as an ion in an excited, energetic sate. The atom relaxes to its ground state
(lowest energy) through a limited set of allowed outer-shell electron transition to fill the
inner-shell vacancy. The energies of the electrons in the shells are sharply defined, with
values characteristic of the atomic species. The energy difference of the transition is a
characteristic value, and this excess energy can be released from the atom in two ways.
In the Auger process, the difference in the shell energies can be transmitted to another
outer-shell electron, ejecting it from the atom as an electron with a specific energy. In the
characteristic x-ray process, the difference in energy is expressed as a photon of
electromagnetic radiation that is sharply defined in energy in contrast to the
bremmstralhung process. Each elemental shell (K, L, M, etc.) has its characteristic
binding energy. Obviously, in order to detect the binding energy characteristic of one of
the inner-shells of a given atom, the electron beam energy has to be higher than this
binding energy. Otherwise, the ionization of the shell is not possible.
Thie size of the interaction volume and the penetration depth of the beam electrons
are a strong function of the energy with which these electrons interact with the target.
Figure A.3 [1] gives an example of the x-ray generation volume with cooper for different
beam electron energies. Furthermore, the interaction volume also depend on the average
atomic number (Z) of the material . The interaction volume and the beam electron
penetration depth increase with increasing atomic number for a fixed beam energy, as
illustrated by Figure A.4.
Elementary analysis is somewhat complex. The characteristic x-rays yielded by
each element within the interaction volume are partially absorbed by the different atoms
of the specimen (absorption phenomenon). The absorption rate depends on the incoming
x-ray and the atom characteristics. The atom that absorbs x-rays can then be ionized and,
eventually, emit a characteristic x-ray (fluorescence phenomenon). Therefore, matrix
corrections are required to conduct quantitative analysis. All the quantitative calculations
are done by computer where internal standards are pre-saved in memory. Once a
spectrum is acquired, the characteristic x-ray intensities are used to make a first
assessment of the composition within the interaction volume, with no matrix correction.
Then, from this composition estimate, the different elemental absorption and fluorescence
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contributions are calculated, leading to the derivation of a new composition assessment.
This iterative procedure is repeated until convergence of the elemental concentrations is
achieved. For optimum accuracy, it is recommended that the x-ray detector be calibrated
at the working conditions using standards of the elements present within the specimen.
A.3. EXPERIMENTAL PROCEDURE
Because zinc is present in very low concentration in the corrosion film, x-ray
acquisition at a single location (pointwise probe) has to last several minutes to see any
zinc peak above the spectrum background. To acquire an elemental map of the specimen
surface, the scanning mode has to be selected. Since, the electron beam has to be focused
for several minutes on a single location (which corresponds to a pixel on the map), map
acquisition is a very long procedure, and this objective was given up. Only pointwise
chemical analyses were carried-out.
The electron beam energy was minimized to limit the electron penetration depth,
but set high enough to acquire the detectable binding energy peaks of the elements of
interest (Fe, Ni, Cr, and Zn). Once the spectrum is acquired, the electron beam
penetration depth and quantification of the material is given by the computer, using an
iterative calculation.
Two features of the corrosion film were analyzed, focusing the l1m diameter
electron beam on the spot of interest (scanning mode stopped). The crud deposits, which
encompassed crystals of various sizes, up to 2 pm, and the oxide film (outer and inner
layer). The major concern with SEM x-ray analysis on heterogeneous materials is that
the beam does not penetrate too deeply into the material and that the analysis represents
the region of interest with no interaction of the underlying material.
A.3. 1. Crud crystal deposit composition
Once the SEM picture of a preconditioning sample surface was obtained, the
electron beam was positioned on the center of a randomly chosen crystal deposit, at least
1 pm wide. At a given electron beam energy, the composition of the crystal deposit was
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analyzed and the interaction volume depth calculated by computer. If the interaction
depth is smaller than the width of the crystal, then it can be assumed that the interaction
volume remains within the crystal. The penetration depth was computed at 1 Rm for a
beam electron energy of 15 keV, 0.8 gim for 13 keV, and 0.5 jm for 9 keV. The K-
family lines of iron, nickel, chromium, and zinc are above 7 keV. Since the electrons are
decelerated through the interaction volume, 7 keV is too low to measure the K-line peaks.
9 keV turned out to be the minimum electron energy to acquire a useful spectrum.
However, at 13 keV, the signal/noise ratio was improved significantly All the different
crud deposit chemical composition measurements are displayed in Table A.2 for zinc run
and PBR 316 SS preconditioning samples. Table A.3 gives those for Inconel
preconditioning samples. The measurements were assumed to give the average crystal
composition when the oxygen content (normalized to the alloying elements) was
measured at around 75 %. In practice, this was the highest concentration measured.
When a measurement gave a lower oxygen concentration, then it was assumed that the
underlying material (base metal and oxide film) was involved and the data was
disregarded.
A.3.2. Oxide film composition
The thickness of the oxide film developed on the preconditioning samples is not
known (we can not visualize its thickness as for the crud crystal deposits). Therefore,
here, the oxygen concentration is a key indicator to estimate the proportion of oxide film
and base metal in the interaction volume. As mentioned earlier, the minimum beam
electron energy is 9 keV to enable composition quantification from the spectrum. To
minimize the beam electron penetration depth at a given beam energy the specimen can
be tilted (see Figure A.5). Tables A.4 and A.5 show the stainless steel and Inconel oxide
film characterization. In practice, the highest oxygen content measured was around 60%,
compared to 75 - 80 % for the crystal deposits. This can be explained by an oxide film
higher in transition metal compared to the crud deposit. Another explanation is that the
base metal is involved in the interaction volume.
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Table A.2 - SEM-EDS chemical analysis of crystal deposit on 316 SS preconditioning
samples (both Zinc and PBR runs).
Acquisition #
(Time, Acc. voltage)
(600 s. 13 kV)
2
(600 s, 13 kV)
3
(600 s, 13 kV)
4
(1000 s, 13 kV)
5
(600 s, 13 kV)
6
(600 s, 10 kV)
7
(600 s, 13 kV)
8
(600 s, 13 kV)
(600 s, 9 kV)
Average Zinc
10
PBR (600 s, 13 kV)
11
(600 s, 13 kV)
Average PBR
0
(at. %)
76.60
73.4
73.84
76.46
74.16
71.91
77.3
76.04
71.34
74.56
73.44
75
74.22
Fe
(at. %)
83.79
90.26
86.13
90
89.14
85.30
89.54
83.43
76.82
86.04
84.69
87.66
86.17
Ni
(at. %)
11.38
5.25
8.47
5.53
3.92
10.76
5.16
11.09
17.5
8.78
9.52
7.52
8.52
Cr
(at. %)
4.82
4.49
4.57
4.47
6.98
3.94
5.31
5.48
3.87
4.38
5.79
4.82
5.30
Run
1.81
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
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Zinc
Zn
(at. %)
0.82
0.82
Table A.3 - SEM-EDS chemical analysis of crystal deposit on Inconel-600
preconditioning samples (both Zinc and PBR runs).
Run Acquisition # O Fe Ni Cr Zn(Time, Acc. voltage) (at. %) (at. %) (at. %) (at. %) (at. %)
1 73 55.31 40.26 4.43 -
Zinc (600 s, 13 kV)
2 74.25 55.47 40.54 3.57
(600 s, 11 kV)
Zinc average 73.62 55.39 40.40 4.00
PBR 3 73.50 55.28 40.51 4.20
(600 s, 13 kV)
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
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Electron beam
Metal
a) Without tilting, both the
oxide film and metal are probed
b) Thanks to specimen tilting,
only the oxide film is probed.
Figure A.5 - Effect of specimen tilt on the interaction volume location within the
specimen.
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Table A.4 - SEM-EDS chemical analysis of oxide film on 316
samples (both Zinc and PBR runs).
SS preconditioning
Run Acquisition # O Fe Ni Cr Zn
(Time, Acc. voltage) (at. %) (at. %) (at. %) (at. %) (at. %)
1 58.85 37.15 29.23 29.65 3.97
(1000 s, 9 kV)
2 51.86 40.25 28.46 28.40 2.89
(600 s, 9 kV)
3 57.22 38.70 25.26 31.90 4.13
(600 s, 9 kV)
Zinc 4 57.54 41.44 18.21 36.1 4.24
(600 s, 9 kV)
5 57.73 37.36 24.14 33.98 4.53
(1000 s, 9 kV)
6 55 50.62 12.72 31.61 4.99
(600 s, 11 kV)
7 61.38 49.87 15.13 34.65 4.36
(600 s, 10 kV)
8 52.94 47.52 13.86 33.17 5.45
(600 s, 11 kV)
Average Zinc 56.56 42.86 20.87 32.43 4.32
9 50.41 36.35 28.77 31.26 3.62
PBR (600s, 9 kV)
10 62.13 31.75 31.22 28.82 7.21
(600 s, 9 kV)
Average PBR 56.27 34.05 30.00 30.04 5.41
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
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Table A.5 - SEM-EDS chemical analysis of oxide film on Inconel-600 preconditioning
samples (both Zinc and PBR runs).
Run O Fe Ni Cr Zn
S (at. %) (at. %) (at. %) (at. %) (at. %)
Zinc 64.69 12.19 66.23 21.58 -
PBR 58 11.06 64.90 24.04 -
Notes:
(1) Oxygen concentration is normalized to metallic elements according to the formula:
([0]/([0]+[Fe]+[Ni]+[Cr]+[Zn]).
(2) Metallic elelement concentrations are normalized without oxygen.
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APPENDIX B
CALCULATION OF H2 CONCENTRATION IN LOOP
WATER
In the experimental facility displayed in Chapter 5, hydrogen gas is injected so
that a 5 psi (0.34 atm) overpressure is applied to the conditioning tank. Therefore, the
absolute hydrogen pressure inside the tank equals 1.34 atm.
The equilibrium of a species (here H2) in the gas and liquid phases is expressed
by Henry's law:
Pu2 =Hx xH (1)
where:
PH, is the hydrogen partial pressure in the gas phase atop the liquid,
H is Henry's law constant = 6.83 x 104 atm / mole at 20"C,
xH is the hydrogen mole fraction in the liquid phase:
moles H2 per unit volume
xH2 moles HO20 per unit volume
Here, the gas phase is saturated with water. Therefore,
pH2 = tank pressure = 1.34 atm
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(2)
Then, according to Equation (1):
PLH 1.34
•' H 6.83 x 104  1.96 x 10
In pure water, the number of moles of H20 in 1 mL water is 5.5 x 10-2.
Thus, using Equation 2, the number of moles of H2 in 1 mL water is 1.08 x 10-6.
Since 1 mole of H2 weighs 2 g, the concentration of H2 in water (H2) is:
(H2) = 2 x 1.08 x 10-6 g / mL = 2.16 gg / mL = 2.16 ppm
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APPENDIX C
DETAILS OF EXTERNAL SILVER/SILVER-CHLORIDE
ELECTRODE FABRICATION
Here are the assembly instructions for the "Andresen" external Ag/AgCl reference
electrode. They combine the indications as given by Peter Andresen, and also what has
actually been done at MIT. This type of electrode usually operates at system pressure
(1200 psi) and temperature (280"C) but has Ag/AgCI interface at room temperature
(25"C).
C.1. COMPONENTS
- 10 cm silver rod of 3.2 mm diameter(Aldrich chemical company),
- 1/4" stainless steel tubing, about 20 cm,
- 1/4" Parker compression fittings
- Conax fittings (Conax corp.),
- size 14 shrink fit Teflon tubing (Alpha Wire Corporation, Mac Master Carr),
length to fit the other parts and allow the tip of the electrode to be in the
circulating water, not in a stagnant path,
- zirconia plug (see reference [1] for manufacture),
- glass thread,
- 0. 1N KCI solution,
- rulon cap,
- aluminum plates,
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- 1/8" threaded rods and nuts.
C.2. EQUIPMENT
- DC current source (0-50V, 0-500 mA),
- 0. 1 N HCI solution,
- saturated KCI solution,
- Pt wire (cathode),
- heat gun,
- glass syringe with needle (lab supply),
- Calomel reference electrode,
- voltmeter,
C.3. ASSEMBLY INSTRUCTIONS
1.- Plate the Ag rod to form the Ag/AgCl couple at a current density of 2
mA/cm 2 for 1 hour in 0.1N HC1.
2. Form Teflon housing. Place the zirconia plug in the Teflon tubing, leaving a
small Amman showing. Heat tubing from top of zirconia until it clears. Be
careful to keep temperature gradient small enough so that the zirconia does not
crack.
3. Pre shrink the other end of the Teflon tubing around a 1/8" SS rod. Be
careful not to stick them together.
4. Soak glass thread in 0.1N KCl solution.
5. Wash the silver rod in 0. 1N KCI solution.
6. Suck some 0.1N KCI solution into the syringe and heat it to boiling to de-
oxygenate. This can be done with a heat gun by cautiously heating the glass
syringe (risk of cracking).
7. Place solution in the Teflon sleeve and carefully remove any bubbles in the
sleeve.
8. Lay glass thread in the Teflon tubing so that it touches the zirconia plug, but
make sure there is enough slack to extend out to the top.
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9. Slide Ag/AgCl rod into the Teflon tubing. Be careful that the glass thread is
in contact with the rod, but does not extend too far between the rod and the sleeve.
This could prevent a good pressure seal.
10. Place the Conax fitting around the electrode, with the seal gland in the pre-
shrunk region. Carefully tighten the Conax fitting to seal the electrode. Excessive
torque can damage the Teflon gland and the rod, and will not necessarily improve
the seal.
11. Position the electrode in the metal tubing, and put the anti-expulsion
protection unit in place.
Figure C.1 presents a schematic of the assembled electrode.
C.4. OPERATION OF THE ELECTRODE
The total length of the electrode is not critical. The only important aspect is that
the silver •od be at room temperature during operation. A 20 cm long electrode is enough
to allow the temperature drop between the tip of the electrode and the silver rod, when
operating at 260 "C. Bending the electrode down so that the silver rod is lower than the
zirconia tip also helps prevent convective transport of heat to the rod.
To check the correct operation of the Ag/AgCl reference electrode, its potential
against a standard Calomel electrode can be measured in a saturated KCI solution. The
reading should be stable at +43 mV. The electrode may require a 24 hour soaking period
before the potential stabilizes.
To check the quality of the pressure seals, it is recommended that the electrode be
pressurized at room temperature. The weak part of the seal is usually between the Teflon
sleeve and the silver rod (see Figure C.1). Because of the applied pressure around the
Teflon sleeve, it is squeezed with the internal solution of the electrode leaking out at the
top of the electrode. One may end up with a dry electrode, and even though the glass
thread should provide ionic conduction, the risk of malfunction is increased.
For better operation of the electrode during the first hours of operation, it is
recommended to install it in the system before pressurizing and heating, and to have
relatively slow transients. However, if the pressure seal has been tested before, it is still
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T SInsulating plateSilver Rod, coated with Silver Chloride
Teflon gland
Conax fitting
Anti expulsion protection
-3
SS 1/4' tubing
Heat shrinkable Teflon tubing
0.1N KCI solution
Glass thread
FParker fitting1/4' union
Zirconia pellet
Figure C. 1 - Schematic of the external silver/silver chloride reference electrode.
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possible to connect the electrode when the system is at operating conditions. Simply
check that the silver rod is at room temperature before acquiring data.
It is good practice, if possible, to measure the potential of the electrode after use at
high pressure and high temperature. Unless there has been contamination of any kind in
the internal solution of the electrode, the potential should come within 10 mV of the
original value within a few hours.
The electrochemical potential of a reference electrode does not depend on the
chemical environment, but only on the temperature. This external electrode has been
calibrated by MacDonald [2] for different KCl concentrations. The potential of a 0.1N
KCl electrode versus SHE, resulting from the calibration is:
EAg/AgCI / SHE = 286.637 -1.003217 .(T- 25)+ 1.7447. 10-4 -(T- 25)2 - 3.03004 -10- .-(T- 25)'
where EAg/AgCI / SHE is in mV/SHE and T is the temperature in "C. This potential has to
be accounted for in the measurement in the following way. During the experiment, Ess
and EAg/Aga are measured against the same ground and recorded, as well as the
temperature of the electrode environment. To determinate the potential of the SS
electrode with respect to SHE one must add the MacDonald potential to the difference of
the two experimental values:
Ess / SHE = (Ess - EAg/,AgC)+ EAg/AgCI / SHE.
C.5. REFERENCE
[1] H. Mansoux, "Experimental determination of radiation-induced segregation
susceptibility of austenitic stainless steels", S.M. Thesis, MIT Nuclear
Engineering Department, June 1994.
[2] D. D. MacDonald, "Reference electrodes for high temperature aqueous systems -
a review and assessment", Corrosion, Vol. 34, No. 3, March 1978.
292
APPENDIX D
ICP STANDARD SOLUTIONS
D.1. INTRODUCTION
The concentrations of zinc, boron and lithium in the loop coolant were determined
by Inductively-Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The
apparatus'used is a Spectro-D ICP System from Spectro Analytical Instruments, equipped
with a dual monochromator. It is equipped with a cross-flow nebulizer, which can be
replaced with an ultrasonic nebulizer (model USN-100). The latter offers generally an
order of magnitude better detection limit compared to the conventional cross-flow
nebulizer. Consequently, the ultrasonic nebulizer was used to measure zinc concentration
it was expected to be in the low ppb range. However, the extensive use of the ultrasonic
nebulizer leads to heavy torch contamination with the solution generally used (800 ppm
B, 1-3 ppm Li). Therefore, for high boron, lithium, and zinc concentrations, the
measurements were conducted using the cross-flow nebulizer.
Analysis is a long chain of processes that ranges from sampling to the editing of
the results. To obtain reliable data, the analytical chemist must ensure that each process
meets the needs of the analysis and does not introduce any systematic error. There are
many different parameters to take into account for reliable and accurate concentration
measurements using the ICP, especially for concentrations lower than 5 ppb (5 gg.L-1).
Regarding reliability, the calibration solutions (also called standard solutions) must have
the same matrix (or environment) as the sample of interest. For instance, a given zinc
concentration in one environment can lead to different ICP intensities than in another
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environment. Concerning accuracy, the ICP user has to make standard solutions at the
desired concentrations, which requires much skill and caution when concentrations as low
as 10 ppb are involved. An ICP calibration is considered unsatisfactory when more than
10% error exists between the computer calibration curve and the expected standard
concentrations.
The zinc, boron and lithium solutions used to make the standard solutions were
supplied by Plasma Chem Corp.TM and their compositions are shown in Table D.1.
D.2. ICP CALIBRATION RELIABILITY
In the experiments carried out in this research, it was possible that zinc had a
beneficial effect on corrosion at very low concentration. Zinc was injected in various
water chemistries, involving 800 ppm of boron and 1 to 3 ppm of lithium. Therefore,
zinc was present in an amount much smaller than boron and lithium concentrations, and it
was expected that the two last compounds would interfere with the signal emitted by zinc.
Finally, acidifying the ICP solutions (standards and samples) was extremely important for
reliability.
D.2. 1. Acid effect
Figure D. 1 shows ICP intensity measurements for various zinc concentrations in
boron-free and 800-950 ppm boron environments. These data acquisitions were first
aimed at studying the effects of 800 ppm boron on ICP measurements of a few ppb of
zinc. The boron-free samples were made following a protocol which included samples
with 5% weight 2N-HCl so that zinc precipitates such as zinc hydroxide could not occur.
The solutions containing boron were made without acid.
The three intensities collected for each of the acidified boron-free solutions were
consistent with each other, whereas the data for the samples containing boron tended to
increase over time. This phenomenon is ascribable either to high boron concentration or
to the presence of hydrochloric acid. Figure D.2 shows that this is actually due to the
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Table D. 1 - Solutions used to make ICP standard solutions.
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1000 gig/ml Zn (+0.5% relative) in 2% HNO3
Zinc Trace impurities: Fe, Pb, Mn 0.5-1 ppm each
solution Mg, Bi, Al, V < 0.1 ppm each
Cu, Ag, Ti, Ni, Co < lppm each
PLASMA CHEM CORPT Catalog #: D030012
Boron 10,000 gtg/ml B in H20 tr NH40H
solution Trace impurities: Na 2-5 ppm
PLASMA CHEM CORPTM Catalog #: 105815
Lithium 1000 jgg/ml Li (+0.5% relative) in 2% HNO3
solution Trace impurities: Fe, Al, Ca, K, Na < 1 ppm each
PLASMA CHEM CORPTM Catalog #: D03012
- e- - Zn (206.19 nm)
--- w- Znl (213.856 nm)
2000
1500
1000
500
0
I ----..--- Boron (249.773 nm)
5 106
4 106
06
2106 0
1 106
0
5 10 15 20
Measurement #
(x Zn / y B) = x ppb Zn, y ppm B
Figure D. 1 - ICP intensity measurements for different acid-free zinc/boron solutions.
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5% w 2N-HCI
Only a few drops of 2N-HCI
40
Measurement #
Figure D.2 - Effect of HCI addition on ICP measurements:
Example of zinc in boron solutions.
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hydrochloric acid. The data generated from acid-free samples containing 100 ppb of zinc
and 600 ppm of boron show that it is only after 25 measurements that a roughly constant
intensity is measured. The same sample with a few drops of 2N-HCI solution yields
consistent ICP measurements from the beginning. The first measurement is made after
the sample has been running through the ICP for 25 seconds using the fastest pump speed
and 25 second at the slowest speed, the latter speed being maintained for the following
measurements. Each measurement was made 7 seconds after the previous one.
Therefore, Figure D.2 shows that the acid free sample had to be run for around 3 minutes
to yield a stable intensity. This final intensity turns out to be the same as that measured
with the acidified sample containing the same zinc and boron concentration.
A possible explanation of this transient phenomenon is that zinc, in a non-
acidified solution, tends to get stuck on the surface of the ICP circulation loop, and that
the zinc remains in solutions once all the "traps" have absorbed zinc. This phenomenon
is particularly significant because of the presence of high a concentration of boric acid in
solution. Boric acid at these high concentrations heavily contaminates the sample train of
the ICP (especially the torch) and then affects measurements of other species. This
phenomenon, due to boron contamination of the ICP can carry over to boron-free
solutions if they are not acidified.
Consequently, it is extremely important to acidify all the calibration solutions as
well as the samples run for concentration measurements. A requirement was adopted for
standard solutions to have 5% by weight of 2N-HCI in solution, to avoid precipitation in
solution. It was then investigated whether it was necessary to have the same hydrochloric
acid concentration in the samples as in the standards. In other words, does the acidity of
a solution significantly influence ICP measurements? A solution containing 50 ppb of
zinc was made. Then, the solution was divided into 4 clean bottles. 2N-HCI solution was
added to obtain zinc solutions with 0.25%, 1%, 3%, and 5% weight of 2N-HCl. These
samples were then run through the ICP, using the ultrasonic nebulizer, and 10
measurements for each were made. For all the samples, the first measurement was
completed 50 seconds after the solution reached the nebulizer. It is important for very
sensitive nebulizers that the time between introduction of the sample and the first
measurement be the same for all the solutions. The results are displayed in Table D.2,
and they show that different hydrochloric acid concentrations, above 1% , lead to the
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Table D.2 - Study of acidity effect of a 50 ppb zinc solution on ICP measurements
Solutions ICP intensities Dilution correction
Sample 1: 0.25% 2N-HCI 22309±10% 22309±10%
Sample 2: 1% 2N-HCI 17142±12% 17448±12%
Sample 3: 3% 2N-HCI 16428±4% 17444±4%
Sample 4: 5% 2N-HCI 15875±2.5% 17546±2.5%
2N-HCI 4009±11% N/A
Notes:
(1) All samples had initially 50 ppb of zinc before addition of 2N-HCI solution.
(2) The ultrasonic nebulizer was used
(3) Zinc wavelength: 213.856 nm
(4) If we deal with a sample where hydrochloric acid was added up to X%, then we can
easily calculate the dilution factor, which is not always negligible.
V X
HCI =x (),
VHC + V 100
where VHCI is the volume of 2N-HCI added, and V is the volume of the acid-free 50 ppb
zinc solution.
x
VHCI = V (2)l-x
VC = c, (3)V+ VHCI
where Cm is the measured zinc concentration from the acidified sample, and Ca is the
concentration of zinc before acid addition (50 ppb). Using Equations (1) and (3), we get:
l+x
1-x
1+xTherefore the dilution factor is equal to
l-x
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same ICP measurements, once the dilution factor is taken into account. The ICP
measurements with 1, 3 and 5% of 2N-HC1 in solution are remarkably consistent. Table
D.2 also displays the zinc concentration ICP measurement for pure 2N-HCl. The
intensity measured was assessed to represent 8-10 ppb of zinc. Therefore, 5% of 2N-HCI
solution adds a concentration of less than 0.5 ppb to the actual zinc concentration of the
sample. This also means that standard solutions and samples with different HCI
concentrations can be used, at least for zinc measurements. Finally, in practice, to avoid
dealing with dilution factors, the most convenient way to acidify samples is to add a few
drops of pure HC1. In 2N-HCI solution, there is roughly 20% pure HC1. Consequently, a
solution containing 1% 2N-HC1 is as much acidified as a solution containing 0.2% of
pure HC1 (which represents only a few drops).
Furthermore, Table D.2 shows that the relative uncertainty associated with ICP
data (average of ten measurements) seems to decrease as the acid content increases.
Relative uncertainties of 2.5% and 4% were obtained for the solutions containing 5% and
3% of 2N-HCl respectively, versus 12% and 10% in the case of 1% and 0.25% 2N-HCl
samples. Consequently, it is recommended to add an amount of hydrochloric acid
equivalent to 3-5% 2N-HCl. The relative uncertainty of 11% for the pure 2N-HCl
solution is due to the low values of the ICP intensities for this solution.
Finally, Figure D.3 shows that flushing with acidified DI water is more effective
than without acid after running a sample containing high boron concentration with 50 ppb
of zinc for one minute. After 50 seconds of flushing preceding the first measurement, the
zinc level, when acidified DI water was used, corresponded right away to the background
level, whereas significantly more time was needed (corresponding to more than 35
measurements) when only DI water was used. Figure D.3 shows through the data of the
non-acidified flushing solution that zinc is effectively observed on a loop surfaces
contaminated with boron. Some ICP intensities equivalent to roughly 35 ppb of zinc
were collected in the first measurements when the ICP was flushed with regular DI water.
This phenomenon is called the Memory Effect:. A compound measurement in a solution
of interest running through the ICP is altered by the fact that this compound was present
in previous samples. In the example illustrated by Figure D.3, the memory effect
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- - - Zinc Intensity - acidified DI water ---- e.--- Boron Intensity - Acidified DI water
- - * - - Zinc Intensity - DI water only ....I--- Boron Intensity -DI water only
7104
610'
510 ^
2 10'4310'
210'
110'
0 5 10 15 20 25 30 35
Measurement #
(Flushings made after a 10 ppb Zn, 600 ppm B sample was run for I minute through the ICP)
Figure D.3 - Benefit of using acidified DI water for flushing to mitigate Memory Effect
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appearing through the non-acidified DI water is effective for both zinc and boron, where,
as with acidified DI water only boron is still formed, and to a lesser degree.
The contamination turned out to concentrate in the torch. The best way to
overcome contamination efficiently and quickly is to remove the torch from the apparatus
to clean it. A good practice is to do so after each ICP use. An effective cleaning
technique consists of putting the torch in a beaker containing a 5% sulfuric acid solution,
and placing it in an ultrasonic cleaner for 15-30 minutes. Then repeat the same procedure
using DI water to clean the torch of species that were dissolved by the acid but that
redeposited on the torch surface.
D.2.2. Matrix effects
Figures D.1 and D.2 also show that 100 ppb of zinc yields different ICP
intensities when no boron and 800 ppm of boron is in solution (for acidified solutions).
This is due to the Matrix Effect. The matrix effect is basically the interference of the
samples' different species upon the ICP intensity of the compound of interest. This
phenomenon is obviously significant when you want to precisely measure the
concentration of a compound whose amount in solution is negligible compared to other
species. This is well illustrated in Figure D.2, where the ICP intensities for zinc
corresponding to a 100 ppb Zn / 600 ppm B solution is 1.4 times lower than that for a
solution containing only 100 ppb of zinc. In other words, if a calibration is made using
boron-free standards, the zinc concentration of a 100 ppb zinc, 600 ppm boron would be
measured at around 70 ppb.
Consequently, it is important to make a calibration sample for zinc using the same
quantity of boron and lithium as in the samples. The same is true for lithium calibration
solutions. There has to be roughly the same amount of boron as in the sample to be
measured. Obviously, the matrix effect due to a few hundredths of a ppb of zinc can be
neglected.
The matrix effect is related both to the nebulizer and to the plasma. The operation
of a nebulizer is affected by the physical properties of the liquid, in particular by density,
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viscosity, and surface tension. The median droplet size produced by a nebulizer is a
function of these physical properties. At the plasma level, among other phenomena, the
matrix effect is related to the ionization of the matrix elements versus the ionization of
the compound of interest. Extensive literature can be found on the subject.
Finally, in some complex solutions, spectral interferences can take place. In those
cases too, the standard and sample solutions have to be matrix-matched to overcome the
problem.
D.3. ICP STANDARD SOLUTION PREPARATION
D.3.1. Standard solution features
When the PCCL chemistry has to be made up (800 ppm of boron, 1-3 ppm of
lithium, and less than 1 ppb of zinc for instance) standard solutions must be prepared to
check that the concentration targets are reached. As mentioned in section D.2., these
solutions have to have the same matrix as the sample to be analyzed. Moreover, the
higher the number of solutions used for ICP calibration, the more accurate the calibration.
Four standard solutions were found to be adequate when they spanned the range of
possible concentrations found in the samples. Table D.3 gives an example of the
standard solutions used to measure boron, lithium, and zinc when the expected
concentrations of boron, lithium and zinc are around 800 ppm, 2 ppm, and 5-30 ppb
respectively.
D.3.2. How to make the standards
Figures D.4, D.5, and D.6 show the different steps used to make boron, lithium,
and zinc standard solutions. All the quantities mentioned in these figures were weighed
using an electronic scale. At room temperature, 1 ml weighs 0.995 g. Therefore, a good
approximation is 1 ml weighs 1 g. However, 100 ml weighs 99.5 g, mark. When using a
1 liter beaker, add 5 g of water above the 1000 ml mark.
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Step #1
Make Solution I
1,000 ppm B, 1 ppm Li, 5%w 2N-HCI
Step #1bis (done in parallel with Step #1)
Make Solution II
I ppm Li, 5%w 2N-HCI
100 ml of 10,000 ppm B
1 ml of 1,000 ppm Li
50 ml of 2N-HCI
Dilute with DI water
1 ml of 1,000 ppm Li
50 ml of 2N-HCI
Dilute with DI water
Step #2
Make BK, 600 ppm, 800 ppm, and 1000 ppm boron
standard solutions with I ppm Li, 5%w 2N-HCI
60 ml Solution I
Solution II 40 ml Solution II
*
I *
BK I 600 ppm B
80 ml Solution I
20 ml Solution II
I *
1EIZIiI
800 ppm B
Solution I
I
1,000 ppm B
Figure D.4 - Procedure to make boron standard solutions
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Step #1
Make Solution I
10 ppm Li, 800 ppm B, 5%w 2N-HCI
Step #1bis (done in parallel with Step #1)
Make Solution II
800 ppm B, 5%w 2N-HCI
16 ml of 10,000 ppm B
e 2 ml of 1,000 ppm 
Li
40 ml of 10,000 ppm B
50 mg of 2N-HCI
nl"lt. wvith TlI unatow
Dilute with DI water
Step #2
Make BK, 1 ppm, 1.5ppm, and 2 ppm lithium standard
solutions with 800 ppm B, 5%w 2N-HCI
10 ml Solution I 15 ml Solution I
90 ml Solution II 85 ml Solution II
I I
IL K1
lppmLi 1.5 ppm Li
20 ml Solution I
80 ml Solution II
I
2 ppm Li
Figure D.5 Procedure to make lithium standard solutions
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Step #1
Make Solution I
1 ppm Zn, 800 ppm B, 1 ppm Li, 5%w 2N-HCI
80 ml of 10,000 ppm B
1 ml of 1,000 ppm Li
1 ml of 1,000 ppm Zn
50 ml of 2N-HCI
Dilute with DI water
Step #1bis (done in parallel with Step #1)
Make Solution II
800 ppm B, 1 ppm Li, 5%w 2N-HCI
80 ml of 10,000 ppm B
S ml of 1,000 ppm Li
Dilute with DI water
Step #2
Make BK, 10 ppb, 20 ppb, and 50 ppb zinc standard
solutions with 800 ppm B,1 ppm Li, 5%w 2N-HCI
-Solution II
*
BK I
1 ml Solution I 2 ml Solution I
99 ml Solution II 98 ml Solution II
I I
10 ppb Zn
I
20 ppb Zn I
5 ml Solution I
95 ml Solution II
50 ppb Zn
Figure D.6 - Procedure to make zinc standard solutions
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The solutions of zinc, boron, and lithium used to make the standard solutions are
provided by PLASMA CHEM CORPTM with concentration accuracy of ±0.5%. The
specifications are given in Table D. 1.
The zinc standards are usually used to measure the zinc content of new chemistry.
Once it is shown that there is a very low zinc concentration in the water that is going to
circulate through the loop, then new standards can be made using some water saved from
this new chemistry. The same procedure as displayed in Figure D.6. can be used, but the
boron and lithium dosage is already completed.
D.3.3. Precautions to avoid contamination
Because we are dealing with extremely low concentrations, it is easy to
contaminate the solutions we are making through one of the numerous manipulations that
are done before the final standard solutions are completed.
The first requirement to avoid contamination is to work in a clean environment.
The counter above which the manipulations are performed must be clean (use large wipes
to cover the table). All beakers have to be rinsed several times before and after they are
used. When stored, they have to be filled with DI water plus a few drops of 2N-HCI
solution. The pipette tips also have to be rinsed several times with DI water, before and
after use. They must be stored in beakers filled with acidified DI water.
The main source of contamination is believed to be from the numerous steps
required for the standard solutions production. Figures D.4 - D.6 show that, before
completion of the standard solutions, there are many chemicals that have to be weighed
accurately before being added to beakers. Each weighing procedure involves many
liquid-solid contacts. Those are responsible for contamination. It is also very important
to discard the pipette tips once used, and to always use new ones for each liquid
collection. Figure D.7 shows the different necessary steps to properly collect 5 mg of a
1,000 ppm Li solution. Obviously, this can be generalized to weighing of any other
solution. The main issues are to work with clean materials, and to avoid mixing between
the solution of interest and some DI water drops remaining from previous rinsing (it
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1*Pick up a glass beaker (or sterile sample bottle) and flush it 3 to 5 times with DI water.
2*Take a boat weighing and rinse it with DI water
3*Take the 1,000 ppm Li Standard Solution and pour a small amount (a few millimeters)in the beaker
4*Rinse the beaker with this solution and pour it in the sink
5*Pour some more 1,000 ppm Li standard (the amount depends on the quantity needed) inthe rinsed beaker.
6*Take a new sterile pipette tip.
7*Set the pipette at 5 ml.
8*Suck 5 ml of solution
9*Pour the solution in the weighing boat (In doing so, we rinse both the pipette tip as well
as the weighing boat)
10*Put the weighing boat on the scale and tare the scale.
11*Collect the solution with the pipette, pour it on the weighing boat and read the weigh.
12*If 5.00 mg is read then pour the solution from the boat to the beaker in which you are
making up a chemistry. Thanks to the very smooth surface of the boat, no drop should
remains in the latter. In case 5.00 g is not read, pour the solution back in the beaker,adjust the automatic pipette according to the previous reading, and redo task #12.
13*Dump the used boat and pipette tip.
After making up the chemistry, flush all the beakers you used several times with DI water,
and finally fill them up with DI water and a few drops of 2N-HCl.
Automatic F
Pipette Tip
N
Weighing Boat 1,000 ppm Li Standard Solution
Scale
Beaker
N
Figure D.7. Procedure to collect 5 mg of 1,000 ppm Li solution
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affects concentrations of the collected solutions). It is also advised to use a different
pipette tip for each chemical to avoid possible contamination from other compounds
present in other solutions.
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